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NOMENCLATURE 
A specific adsorption. 
A specific adsorption at zero concentration, o 
a working-standard constant in light scattering; exponent in 
empirical relation between molecular weight and adsorption; 
exponent in Mark-Houwink equation. 
a Q area of an adsorption site; area occupied by an adsorbed mole­
cule or segment. 
B second virial coefficient. 
C third virial coefficient; concentration; empirical constant, 
c concentration. 
D diameter. 
d deflection of refractometer beam. 
F distribution function; transmittance of optical filters. 
G galvanometer reading. 
h osmotic head; beam width in light scattering. 
I Q intensity of incident light. 
ig intensity of scattered light. 
K empirical constant; equilibrium constant. 
K' optical constant in light-scattering equation; empirical constant, 
k empirical constant. 
L distance between ends of a polymer chain. 
M molecular weight. 
M^ number-average molecular weight. 
M w weight-average molecular weight. 
X 
M Q molecular weight of a polymer segment. 
N number (of molecules, particles, etc.) 
Avogadro's number. 
n refractive index. 
P(0) Lim R(0)/R ( 9 ) . 
c-*0 ° 
p fraction of segments in adsorbed polymer molecule actually adhering 
to the adsorbing surface; pressure. 
p saturation pressure. rs r 
R radius; gas constant. 
R(0) reduced scattering intensity. 
r radius. 
S specific surface area. 
T absolute temperature. 
T'D reference-standard constant in light scattering. 
t total number of segments in a polymer molecule; 
time, film thickness. 
V volume. 
v volume. 
w weight of adsorbent. 
o( expansion factor. 
p effective bond length. 
r form of second virial coefficient; number of segments adsorbed 
per adsorption site. 
5 small difference between two measurements. 
e constant in Beer-Lambert relation between absorbance and con­
centration. 
n viscosity. 
[fj] intrinsic viscosity. 
xi 
T) g p specific viscosity 
0 thermodynamic ideal temperature for polymer solutions; frac­
tion of adsorbent surface covered; scattering angle. 
it osmotic pressure. 
X wavelength of light. 
p depolarization; density. 
d surface tension. 
<J> Flory-Fox parameter. 
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SUMMARY 
A study was made of the adsorption of polystyrene from cyclo­
hexane solution onto aluminum and aluminum oxide surfaces. Four 
polystyrene fractions were obtained, ranging in molecular weight from 
67,000 to 1,800,000, The weight-average molecular weights of the 
fractions were determined by light scattering and the number-average 
molecular weights by osmometry, except in the case of the fraction of 
highest molecular weight. Osmotic pressure could not be used to meas­
ure so high a molecular weight, and the molecular weight distribution 
was determined by fractionation, A very brief study was made of the 
adsorption of unfractionated polyisobutylene from benzene solution 
onto aluminum for comparison. 
The surface areas of the two adsorbents were measured by the 
BET technique, and the pore-size distribution of the aluminum oxide 
was determined by low-temperature nitrogen adsorption. The aluminum 
appeared to be essentially non-porous. 
The adsorption measurements were made by shaking aliquots of 
polymer solution of known initial concentration with weighed portions 
of adsorbent; then measuring the concentration of the solution after­
ward. The amount of polymer adsorbed per gram of adsorbent (specific 
adsorption) was determined from the initial and final concentrations, 
the amount of solution, and the amount of adsorbent used. Solutions 
were analyzed spectrophotometrically in the case of polystyrene, but 
a gravimetric technique had to be used for analysis of polyisobutylene 
xiii 
solutions. The adsorption of ethylbenzene was also studied briefly as 
a monomeric analog to polystyrene. 
Adsorption rates were determined by measuring specific adsorption 
as a function of time. Adsorption appeared to be completed very 
quickly, at least within a matter of hours, on aluminum, but continued 
at a measurable rate for many days on aluminum oxide. It was doubtful 
whether true equilibrium was ever established, even after 25 days, in 
the adsorption on aluminum oxide. 
Adsorption isotherms were plotted as specific adsorption versus 
final concentration in solution. The range of concentration studied was 
from zero to about 100 milligrams of polymer per 100 grams of solution. 
The isotherms for adsorption on aluminum powder were nearly horizontal 
straight lines in three out of the four cases at both 34.8° and 50° C. 
The fraction of highest molecular weight showed anomalous behavior in 
that its isotherm had a steep slope at both temperatures although its 
intercept was in good agreement with that expected from the trend shown 
by the other fractions. The intercepts of the aluminum isotherms were 
found to be related to molecular weight by the empirical equation 
where A Q = specific adsorption at zero concentrations; 
= weight-average molecular weight; 
K,a = constants. 
Adsorption on aluminum increased with increasing molecular weight and 
decreased slightly with increasing temperature. 
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Adsorption on aluminum oxide showed a reversal of the molecular 
weight dependence, with the low-molecular-weight fractions being much 
more strongly adsorbed. This behavior was attributed to the ability 
of the smaller molecules to penetrate the pore structure of the porous 
adsorbent more deeply than the larger molecules. Assuming that a given 
quantity of polymer is adsorbed in a film of the same area on either 
aluminum or aluminum oxide, it was possible to estimate the radius of 
the smallest pores penetrated by each fraction by calculating the area 
of the film on aluminum oxide from that on aluminum and determining 
the corresponding pore radius from the measured distribution of surface 
area within pores. This radius was found to be in reasonable agreement 
with the radius of gyration of the polymer molecule in solution. The 
agreement appeared to be sufficiently good to make possible the use of 
adsorption on porous adsorbents as a semi-quantitative measure of mole­
cular dimensions of well-fractionated samples and as a method of selec­
tive fractionation. 
Polyisobutylene was not adsorbed on aluminum from benzene, even 
though benzene is a poor solvent for this polymer. This result was 
attributed to preferential adsorption of the solvent. 
The adsorption of ethylbenzene from cyclohexane was studied 
briefly in order to estimate the magnitude of the heat of adsorption 
per segment of polystyrene. No measurable adsorption of ethylbenzene 
on aluminum was found. Isotherms for the adsorption of ethylbenzene 
on aluminum oxide were measured at 35° and 50° C. and the heat of 
adsorption per mole calculated from their slopes. This was found 
to be about 4220 calories per mole or about 3.3 RT. Although this is 
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a crude estimate of the actual heat of adsorption of polystyrene seg­





The physico-chemical behavior of macromolecules is, of course, 
governed by the laws of thermodynamics as is that of small molecules. 
Yet in such properties as vapor pressure and osmotic pressure, polymer 
solutions show far greater deviations from "ideal" behavior than do 
solutions of small molecules. These deviations are explained by the 
large entropies of mixing that result from the great difference in size 
and flexibility between solute and solvent molecules. 
Similarly, large configurational entropies affect the adsorption 
of polymers on solid surfaces. The number of possible configurations 
of a polymer molecule at a surface is many times larger than that of a 
small molecule, and the polymer chain may have many points of attachment 
to the surface. It is not surprising, then, that the behavior of ad­
sorbed polymeric materials is quite different from that of smaller 
molecules. 
Considerable differences are also found in the adsorption behavior 
of various kinds of polymers. Thus, a study of the adsorption of a 
given polymer sample should provide a tool for its characterization. 
The analysis of adsorption data is, however, complex; and a great deal 
of effort is necessary to ascertain the factors responsible for the 
results. 
Properties of Polymers in Solution 
The chemical potential, , of a solvent in which any nonelectrolyte 
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is dissolved is given by the equation 
(1) 
where F? molar free energy of pure solvent; 
R gas constant; 
T absolute temperature; 
molar volume of pure solvent; 
M molecular weight of solute; 
c 2 concentration of solute (weight per unit volume); 
B, C - constants which are determined by the solvent, the solute, 
and the temperature ( 1 ) . Equation 1 is called a "virial equation" by 
analogy with the power-series representation of the equation of state 
of an imperfect gas. 
When the solute is a polymer which is not homogeneous with re­
spect to molecular weight, M represents the number average molecular 
weight. 
The constant B, known as the second virial coefficient, is found 
to increase with increasing temperature. In poor solvents there exists 
a temperature,9 , at which B is equal to zero. At this temperature 
dilute solutions of the polymer exhibit ideal behavior over a fairly 
wide range of concentration (2). 
Certain properties of ideal (or "theta") solutions of polymers are 
of particular interest: Molecular dimensions of the dissolved molecules 
are those of an unperturbed random coil. The dissolved polymer molecules 
interpenetrate each other freely, showing neither mutual attraction nor 
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repulsion (2). The theta temperature for a given solvent is the critical 
precipitation temperature for a polymer of infinite molecular weight; for 
polymers of finite molecular weight, phase separation occurs somewhat 
below this temperature (3). 
Polymer Adsorption: Experimental Background 
The earliest experimental studies of polymer adsorption were those 
of Mark and Saito (4), who tried to develop a chromatographic method of 
polymer fractionation. Similar work was done by the Claessons (5,6) and 
Landler (7). Since 1950 the number of investigations has increased con­
siderably, and a fairly consistent picture of adsorption behavior of 
polymers has begun to develop. 
The Adsorption Isotherm 
The form of the adsorption isotherm was established for a variety 
of polymers, solvents, and adsorbents by Jenckel and Rumbach (8) and has 
been found to be followed, with only small variations, by practically all 
systems studied subsequently in which non-porous adsorbents were used. 
Characteristically the amount of polymer adsorbed per gram of adsorbent 
rose very sharply with increasing concentration at low concentration, 
then leveled off to form a plateau, which persisted over a wide range 
of concentration. 
In order to obtain thermodynamic data it is desirable to measure 
the slope of the isotherm as the concentration of polymer in the super­
natant solution approaches zero. In some cases this appears to be 
possible; in others it does not. Binford and Gessler (9) obtained iso­
therms for the adsorption of polyisobutylene and butyl rubber on carbon 
blacks. Except for the fractions of highest molecular weight, all showed 
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rather gentle initial slopes, approaching the plateau at fairly high 
concentrations. Patat and co-workers (10-12) measured the adsorption 
of various polymers on metal and polymeric foils and obtained isotherms 
that had quite small slopes at low concentration and approached the pla­
teau very slowlyT The initial slopes of isotherms for the adsorption 
of polydimethyl siloxane fractions on iron and glass were measurable and 
increased regularly with increasing molecular weight (13). 
Other investigators, however, have found that at the lowest con­
centrations that can be determined experimentally, the adsorption appears 
to be at or near its maximum value. The adsorption of polyvinyl acetate 
on iron and glass powders was appreciable at the lowest concentrations 
that could be measured, even in very good solvents (14). The adsorption 
of polystyrene from toluene on carbon black showed similar behavior (15), 
as did the adsorption of polymethyl methacrylate on iron and glass (16). 
The adsorption isotherm for polyvinyl acetate on porous carbon, 
measured by Kangle and Pacsu (17), also showed no sign of approaching 
zero adsorption at low concentration. It differed from those previously 
discussed by not having a flat plateau. Rather it showed adsorption 
increasing linearly with concentration up to a concentration of more than 
ten grams per liter. The difference may be ascribed either, to the use 
of a polymer sample having a much broader molecular weight distribution 
than those used in other studies or to the use of a porous adsorbent. 
The Adsorbed Film 
The direct investigation of the surface film is a formidable prob­
lem that has only recently begun to yield a solution. Certain inferences 
may be drawn from equilibrium measurements concerning the nature of the 
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polymer at the surface. A comparison of the amount of polymer absorbed 
per square meter of surface with the cross-sectional area of a polymer 
segment led Jenckel and Rumbach (8) to conclude that only a small percentage 
of polymer segments are adsorbed, the rest being in long pendant loops 
away from the surface but anchored to it by the adsorbed segments. Koral, 
Ullman, and Eirich (14) compared adsorption data with the area of poly­
vinyl acetate monolayer determined by a spread-film experiment and con­
cluded that the adsorbed film had a thickness corresponding to 10-20 
layers of monomer units. Similar results were reported for polydimethyl 
siloxane (13). 
However, the calculations of the film thickness of adsorbed poly-
methyl methacrylate led to ambiguous results and suggested the adsorption 
of a single monolayer or even less (16). Binford and Gessler (9) con­
cluded that the elastomers they studied lay flat on the surface, whereas 
the work of Kolthoff, Gutmacher, and Kahn (18) and Kolthoff and Gutmacher 
(19) showed no relation between specific surface area of various carbon 
blacks and their capacity for adsorbing synthetic rubber. 
It is natural to suppose that polymers that contain polar func­
tional groups will be adsorbed by attachment of these polar groups to 
a polar surface. This idea receives support from the fact that ad­
sorption of polar polymers such as polyvinyl acetate (14) and poly-
methyl methacrylate (16) appears to be greater than that of polyiso-
butylene (9) and synthetic rubber (18,19). However, there are great 
differences in the experiments on these materials that have been re­
ported; and any comparison of the results is necessarily tentative. More 
reliable evidence is the greatly enhanced adsorption of polymethyl 
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methacrylate when a very small percentage of the ester linkages in the 
chain were hydrolyzed (16). Recent work by Fontana (20) has shown that 
adsorption of carbonyl groups in polyalkyl methacrylates is completely 
excluded by addition of a small percentage of more highly polar ether 
linkages in polyethylene glycol side chains. 
Apparently competition between solvent and polymer for surface 
sites has a major effect on adsorption. Koral, Ullman, and Eirich (14) 
found that no polyvinyl acetate was adsorbed from acetonitrile onto tin, 
even though acetonitrile is a relatively poor solvent. Acetonitrile 
is a non-solvent for polymethyl methacrylate; yet addition of a small 
quantity to benzene was found to cause a dramatic reduction in the amount 
of this polymer adsorbed on iron (16). Adsorption of polymethyl methacry­
late is greater from trans-1, 2-dichloroethylene than from the more polar 
cis isomer. Because of the high polarities of acetonitrile and cis-1, 2-
dichloroethylene, it seems likely that they are preferentially adsorbed, 
leaving little or no surface available for the adsorption of the polymer. 
Fontana has also shown that "goodness" of solvent as indicated by in­
trinsic viscosity measurements is of less importance in adsorption than 
is competition between solvent and polymer for sites on the surface (20). 
Fontana and Thomas (21) measured the fraction of the carbonyl 
groups in polylauryl methacrylate adsorbed on silica via the shift in the 
characteristic vibration frequency of the carbonyl which occurs on ad­
sorption. Assuming that all adsorption occurs in this way, they calcu­
lated the fraction of segments attached to the surface as 0.36. They 
concluded that the adsorbed polymer is considerably flattened on the 
surface and not randomly coiled as in solution. Addition of ether 
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linkages in polyethylene glycol side chains practically eliminated ad­
sorption through the carbonyl, even though the ratio of ether linkages 
to carbonyl groups was only about one to twenty (20). Addition of the 
ether linkages probably had the effect of thickening the film by ex­
cluding most of the segments from the surface and keeping them in long 
loops extending into the solution. 
Stromberg, Passaglia and Tutas (22), studying the thickness of a 
film of polystyrene adsorbed from cyclohexane on chrome ferrotype plate 
by ellipsometry, obtained different results. Their method enabled them 
to measure both the film thickness and the polymer concentration in the 
film. The film was found to be about 210 Angstroms thick and to have a 
polymer concentration of about 12 grams per 100 milliliters. This re­
sult is consistent with the model of long pendant loops and relatively 
few points of attachment. It also appears that in this system the poly­
mer molecules interpenetrate almost completely. This result is not sur­
prising in view of the fact that the experiment was carried out somewhat 
below the theta temperature. 
Reversibility 
The question of whether or not a polymer film, once absorbed, 
can be quantitatively removed seems to depend on the system under con­
sideration. Polyvinyl acetate, after being adsorbed from carbon tetra­
chloride, was desorbed almost quantitatively in one washing from iron 
and tin powders by acetonitrile and 1,2-dichloroethane, and partially 
desorbed by carbon tetrachloride (14). Binford and Gessler (9) were 
able to remove 39 percent of a butyl rubber fraction with a molecular 
weight of 8,800 from carbon by prolonged extraction with a good solvent 
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in a Soxhlet extractor. Only three percent of a fraction with a mole­
cular weight of 325,000 could be removed by the same procedure. Frisch, 
Hellman, and Lundberg (15) were unable to remove any detectable quantity 
of adsorbed polystyrene from carbon by shaking the carbon with freshly 
distilled toluene for several weeks. Extraction with boiling toluene 
in a Soxhlet extractor removed only about ten percent of adsorbed poly­
styrene after three days. Adsorption of polymethyl methacrylate on iron 
and glass appeared to be irreversible when the solvent was pure benzene, 
but completely reversible if a small percentage of acetonitrile was 
added (16). Again, preferential adsorption of acetonitrile seems to be 
of importance. 
Kangle and Pacsu (17) found that adsorbed polyvinyl acetate could 
not be eluted from carbon by acetone, a poor solvent. When a good sol­
vent, chloroform, was used, about 80 percent of the adsorbed polymer was 
removed. The remainder was assumed to be irreversibly bound to the 
adsorbent. 
Molecular Weight Dependence 
The earliest investigationsof polymer adsorption phenomena con­
sistently obtained results indicating preferential adsorption of low 
molecular weight molecules (4-7). In all of these investigations the ad­
sorbents used were highly porous charcoals, and Claesson (3) speculated 
that the observed molecular weight dependence might be due to failure of 
large molecules to penetrate small pores. Heller and Tanaka (23) ob­
served a reversal of this behavior when polyethylene glycols with mole­
cular weights between 600 and 6,000 were adsorbed on carbon black and 
alumina. 
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Kolthoff, Gutmacher, and Kahn (18) discerned no appreciable rela­
tion between adsorption of GR-S rubber on carbon black and molecular 
weight over a molecular weight range of 32,000 to 230,000. Similar re­
sults were later reported from the same system by Kolthoff and Gutmacher 
(19), except that they observed a decrease in the intrinsic viscosity of 
the supernatant solution with time, despite constant concentration of total 
polymer. Their conclusion was that low molecular weight material is ad­
sorbed rapidly but subsequently replaced in the adsorbed film by polymer 
of higher molecular weight. 
Treiber and co-workers (24) found only a very slight increase in 
adsorption of polystyrene from cyclohexane on charcoal with increasing 
molecular weight* Hobden and Jellinek (25) found that adsorption of poly­
styrene from methylethyl ketone onto charcoal decreased with molecular 
weight. The adsorption at saturation was found to be a linear function 
of the reciprocal of the intrinsic viscosity of the polymer in the sol­
vent used. 
Koral, Ullman, and Eirich (14) found that maximum adsorption of 
polyvinyl acetate on non-porous adsorbents increased markedly with in­
creasing molecular weight if the solvent were a poor one, and increased 
to a lesser extent if the solvent were good. On the other hand, porous 
alumina adsorbed more of a low molecular weight fraction, suggesting 
that access to the interior surface is an important factor in adsorption 
by porous solids. 
The adsorption of polydimethyl siloxane on non-porous adsorbents 
was shown by Perkel and Ullman (13) to fit the empirical equation 
A = KM a s w (2) 
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where = amount adsorbed per gram of adsorbent at saturation; 
H = weight-average molecular weight; w 
K, a = empirical constants. 
The same type of equation also described the adsorption of polymethyl 
methacrylate (16). 
Gilliland and Cutoff (26) were able to fractionate polyisobu-
tylene and butyl rubber samples by adsorption using various carbon 
blacks as adsorbents. Adsorption of high molecular weight species was 
greatly favored in these studies. On the other hand, Kangle and Pacsu 
(17) studied the fractionation of polyvinyl acetate by adsorption onto 
porous charcoal and found that smaller molecules were preferentially 
adsorbed. A molecular weight distribution was determined by measuring 
the intrinsic viscosity of the polymer remaining in solution after ad­
sorption using various carbon-to-polymer ratios. The intrinsic vis­
cosity of the unadsorbed material increased as the ratio of adsorbent 
to polymer increased. 
Adsorption Kinetics 
Relatively few detailed studies of the kinetics of polymer ad­
sorption have been made. Hobden and Jellinek (25) studied the rate of 
adsorption of polystyrene on charcoal from methylethyl ketone. The 
process took place in two stages. Both stages appeared to obey first-
order kinetics. Addition of one percent methanol to the solvent had 
the effect of decreasing the rate of the first step but had little 
effect on the second. Total adsorption at saturation was slightly 
enhanced by addition of methanol. Jellinek and Northey (27) subse­
quently found that when moisture was excluded, only one step was 
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observed. Apparently either water or methanol is adsorbed more rapidly 
than is polystyrene but less strongly bound to the surface. In the 
first stage, both water (or methanol) and polystyrene are being adsorbed. 
In the second stage, polystyrene is displacing the water already ad­
sorbed. 
Yurzhenko and Malyev (28) found that adsorption of low molecular 
weight fractions of polystyrene and polymethacrylate esters on alumina 
was more rapid than that of high molecular weight fractions. 
Rate curves for the adsorption of polyvinyl acetate on porous 
carbon, obtained by Kangle and Pacsu (17), showed very rapid adsorption 
initially, followed by a slow increase in adsorption that persisted for 
at least 90 hours, the duraction of the experiment. 
Peterson and Kwei (29) studied the kinetics of the adsorption of 
polyvinyl acetate from benzene onto chrome plate using a radiotracer 
technique. They assumed that the adsorption kinetics could be described 
by the equation 
dO/dt = k1(l - 0)c - k_1 (3) 
where 0 = fraction of surface covered; 
t = time (seconds) 
k-̂  = rate constant for adsorption; 
k_-̂  = rate constant for desorption; 
c = polymer concentration (base moles per liter) 
Their data fitted Equation 3 well. Typical values for k-̂  and k_-̂  
were 1.98 x 10^ and 4.95 x 10"^, respectively. The adsorption appeared 
to take place in two stages. The data were interpreted as representing 
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a reversible stage in which polymer molecules adhere to the surface at 
a small number of sites and can be easily desorbed, followed by an ir­
reversible stage in which the adsorbed polymer molecules collapse into 
the surface, and nearly all segments are adsorbed. 
Polymer Adsorption: Theoretical Background 
Several efforts have been made to explain the experimental facts 
in terms of statistical mechanics. Mackor and van der Waals (30) de­
rived an isotherm for the adsorption of rods, and Sarolea (31) devel­
oped a theory applicable to stiff or flexible polymers with all seg­
ments in the surface. 
The first theoretical treatment of polymer adsorption based on 
a three-dimensional model of the surface film was that of Simha, Frisch, 
and Eirich (32). These workers assumed the polymer was coiled near the 
surface and described it in terms of a three-dimensional random flight 
in the presence of a reflecting barrier, according to the method of 
Chandrasekhar (33). The fraction p of segments deposited in the sur­
face by a molecule containing a total of t segments was calculated, 
the entropy and free energy of mixing of segments with surface sites 
and solvent molecules were determined, and a theoretical equation for 
the adsorption isotherm was obtained, applicable chiefly to low surface 
coverage. 
A subsequent paper by Frisch and Simha (34) extended the treat­
ment to apply to higher surface coverage and multilayer adsorption, and 
another paper by the same authors (35) corrected some errors in the ori­
ginal derivation and gave a new derivation for the isotherm, which 
differed somewhat from the original. 
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The results of these derivations are mathematically complex. 
Because the derivations involve primarily consideration of an isolated 
molecule at the surface and treat chain interference only approximately, 
the results are expected to apply quantitatively only to rather low 
surface coverages. Certain consequences, however, are of interest in­
sofar as they are qualitatively related to experimental results. The 
theory predicts that the fraction p of segments adsorbed will be small 
and proportional to the square root of t, the degree of polymerization. 
Most segments appear in long pendant loops extending into the solution 
and giving rise to a rather thick surface film. This conclusion is 
modified by treatments of Frisch (36) and Higuchi (37), who showed that 
strong, short-range interactions between polymer segments and the sur­
face (>4kT) could lead to collapse of the surface film, so that es­
sentially all segments would be adsorbed. 
The Simha-Frisch-Eirich theory also predicts preferential adsorp­
tion of high molecular weight polymers, the effect being large at low 
surface coverage and smaller as saturation is approached. Either posi­
tive or negative temperature coefficients of adsorption are possible. 
Positive coefficients result from desorption of solvent at high tempera­
tures, making more sites available for polymer adsorption. 
The form of the isotherm is similar to the typical experimental 
curves. The initial slope is considerably larger than that of the 
Langmuir isotherm, but the curve approximates the Langmuir isotherm at 
high concentration. 
Gilliland and Gutoff (38) applied a similar treatment to the 
adsorption of heterogeneous polymers in a theta solvent. Their theory 
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predicts the correct form of the isotherm with the initial slope in­
creasing with molecular weight. Preferential adsorption of either high 
or low molecular weight molecules is possible. High heats of adsorption 
favor the former because of the increase of the fraction of segments ad­
sorbed with increasing degree of polymerization. Normally adsorption de­
creases with increasing temperature, but the opposite behavior is not 
necessarily ruled out. 
Forsman and Hughes (39-41) applied chain statistics and a random-
flight model to the determination of molecular dimensions at a solution-
solid interface. The isotherm derived from their model predicts that the 
amount of polymer adsorbed at saturation is independent of molecular 
weight and increases with increasing temperature. 
A different formulation of the problem by Silberberg (42,43) used 
lattice statistics and took into account the enhanced probability of ad­
sorption of a segment that is adjacent on the chain to an adsorbed seg­
ment. The principal difference between the Silberberg and the Simha-
Frisch-Eirich treatments is that the former abandons the random-flight 
model and, using a lattice model for the solution, counts the number of 
possible configurations for pendant loops of various lengths, determines 
the configurational entropy and the heat of adsorption, and minimizes 
the free energy with respect to the number of segments adsorbed. The 
adsorption isotherm obtained in this manner is too complex to be of 
general utility in evaluating experimental results, but again the 
qualitative results are of interest. 
The Silberberg theory predicts that when all sites on the surface 
are available for adsorption, p has a value of 0.7. In this case, the 
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film would be largely collapsed and only a few Angstroms thick. On the 
other hand, p is much smaller where available adsorption sites are widely 
separated. The loops are longer and the film thicker in this case. Ad­
sorption increases with increasing molecular weight at low molecular 
weights and approaches a limit as the molecular weight increases. Mole­
cular weight dependence is more pronounced in poor solvents than in good 
ones. 
Purpose and Scope 
The aim of the present investigation has been to study the adsorp­
tion of polystyrene from a theta solvent on two adsorbents, one porous, 
the other non-porous, that are otherwise similar. The adsorbents chosen 
were aluminum powder and activated aluminum oxide. The amount of poly­
styrene adsorbed was studied as a function of temperature, molecular 
weight, and concentration. The rate of approach to equilibrium was 
also studied. Another theta system, polyisobutylene in benzene, was 
also studied briefly as a test of the effect of solvent-surface inter­
action on polymer adsorption. 
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CHAPTER II 
POLYMER AND ADSORBENT CHARACTERIZATION 
Before meaningful conclusions can be drawn regarding the results 
of the adsorption studies, certain information must be obtained about 
the polymer samples and the adsorbent surfaces used. The molecular 
weights and molecular weight distributions of the polymer samples must 
be known, as must the specific surface area and porosity of the adsor­
bents. 
Polymer Preparation 
The polystyrene used in this study was obtained from two sources. 
The high molecular weight material came from a styrene sample that had 
polymerized while standing. The formation of polymer in this manner 
proceeds very slowly by a free-radical mechanism. Since relatively few 
free radicals are formed spontaneously at room temperature, the proba­
bility of chain termination is quite small. Hence, the polymerization 
process, once initiated, goes on for quite a long time, resulting in 
formation of molecules of very high molecular weight. 
To prepare the polystyrene for use, small pieces were dissolved 
in enough benzene to yield a solution of less than five percent polymer. 
The solution was stirred gently from time to time during the dissolution 
process, which required several days for completion. When the polymer 
appeared to be completely dissolved, it was precipitated by pouring por­
tions of approximately 50 milliliters each into two-hundred milliliter 
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portions of methanol that were being violently agitated in a Waring 
blender. The solid polymer was separated from the supernatant liquid 
by filtration and washed at least three times with methanol while being 
agitated in the blender. It was then heated to 80° C. in an air bath 
until the odor of methanol had disappeared, and finally dried under 
vacuum at one hundred degrees for 24 hours. The final product was a 
rather hard, coarse, granular, odorless powder with no trace of gummi-
ness. 
The polystyrene sample of lower molecular weight was prepared by 
polymerization of freshly distilled styrene by benzoyl peroxide initiation. 
Eastman White Label styrene was shaken with aqueous sodium hydroxide to 
remove the tert-butyl catechol inhibitor, dried over calcium chloride, 
and distilled from sodium wire at a pressure of 100 millimeters of mer­
cury. 
A very small quantity of benzoyl peroxide was added to 90 milli­
liters of distilled styrene, and the solution was shaken thoroughly to 
ensure uniform mixing. Since the polymerization is strongly exothermic, 
it was carried out in four test tubes instead of a flask in order to in­
crease the surface area for heat dissipation. The test tubes were filled 
almost to the top and were tightly stoppered. They were immersed in a 
thermostat at 45° C. for five days. 
At the end of this time, the test tubes were broken, and the 
polymer remained in the form of hard rods which shattered like glass 
at a blow. The rods were broken into small pieces, dissolved in benzene, 
and precipitated in the same manner as the thermally initiated polymer 
described above. 
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"Vistanex" polyisobutylene was cut into small pieces, dissolved 
in cyclohexane, and precipitated by pouring into acetone in the blender. 
The procedure used was the same as that for polystyrene. 
Fractionation 
Any sample of polystyrene prepared by thermal or peroxide ini­
tiation has a wide range of molecular weights. Ideally, one would like 
to obtain polymer of a single molecular weight for adsorption studies, 
but it is necessary to be satisfied with obtaining as narrow a distri­
bution of molecular weights as practicable. This may be done by any of 
the numerous fractionation techniques that are available. 
Theory 
Almost all methods of polymer fractionation depend on the mole­
cular weight dependence of the distribution of polymer between phases 
in a two-phase system. The theory of polymer fractionation is summa­
rized by Tompa (44). Briefly, if a sample of polydisperse polymer is 
dissolved in enough poor solvent to give a dilute solution, and the 
temperature is subsequently lowered below the theta temperature, phase 
separation will eventually take place. Both phases will be dilute solu­
tions, although one phase will be richer in polymer than the other. 
The average molecular weight of the polymer in the polymer-rich phase 
will be higher than that in the polymer-poor phase. 
More commonly the polymer is dissolved in a good solvent, which 
is then made poorer by addition of a non-solvent until phase separation 
occurs. Once again the polymer-rich phase at equilibrium contains poly­
mer of higher average molecular weight than that in the polymer-poor phase. 
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If the polymer-rich phase is removed after each addition of non-solvent, 
a series of polymer samples may be recovered, each of which has a lower 
average molecular weight than its predecessor. 
It is important to note that it is theoretically impossible by 
a single fractionation step to obtain two fractions, one of which has 
no molecules of molecular weight greater than a certain value and the 
other of which has no molecules of molecular weight less than the same 
value. In other words, the fractions obtained in any fractionation are 
not only not perfectly monodisperse, but also some overlap of adjacent 
fractions is inevitable (45). 
By using proper technique and subjecting the fractions to repeated 
refractionation, fractions of any desired sharpness may be obtained. 
However, the labor involved in preparing very sharp fractions in this 
manner is prohibitive. Continuous fractionation methods using columns 
can be used to alleviate some of the difficulties encountered in step­
wise processes, but these methods, too, are subject to serious limita­
tions, particularly when used as preparative methods. Therefore, sub­
stantial polydispersity must be accepted if polymer fractions of prac­
tical size are to be obtained within a reasonable time. 
Column fractionation depends for its effectiveness upon the dif­
ferent mobilities of the polymer-rich and polymer-poor phases. In most 
procedures, polymer is deposited upon a portion of the packing material 
at the top of the column and eluted by a mixture of solvent and non-
solvent. Initially, the composition of the elutant is such that the 
polymer is wholly insoluble. The elutant passes over the polymer, 
down the column, and out at the bottom. The elutant entering the column 
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is continuously enriched with solvent. The elutant composition at which 
the low molecular weight polymer begins to dissolve is still too poor in 
solvent to dissolve material of higher molecular weight. However, the 
"undissolved" polymer is swollen by the elutant and becomes a viscous 
liquid like the polymer-rich phase of the fractional precipitation 
method. Thus it is not truly a stationary phase but moves much more 
slowly through the packing material than does the polymer-poor phase 
because of the much higher viscosity of the former. 
As the elutant becomes progressively richer in solvent, larger 
and larger molecules can be dissolved in the polymer-poor phase. If 
no vertical mixing occurs, the molecular weight of polymer in each in­
crement of solution withdrawn from the bottom of the column should be 
higher than that of the preceding increment. 
If the temperature in the column is constant throughout, frac­
tionation occurs in a single stage. A procedure for constant-temperature 
elution fractionation was developed by Desreux (46). Fractionation is 
effected because the smaller molecules are dissolved from the polymer-
rich phase more rapidly than the larger ones. 
An alternative procedure is to use thermal-gradient elution. This 
procedure was developed by Baker and Williams (47) and later refined by 
Schneider and co-workers (48). If a thermal gradient is maintained 
through the column such that the top of the column is at a considerably 
higher temperature than the bottom, the solvent power of elutant of a 
given composition decreases as the solution moves down the column. The­
oretically the dissolved polymer precipitates as it moves into the cooler 
part of the column, is redissolved as the elutant in its vicinity becomes 
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richer in solvent, reprecipitates further down the column, and so on 
until iz finally reaches the bottom of the column and is removed. Thus 
fractionation takes place in a series of equilibrium stages instead of 
in one step, and fractionation efficiency should be much improved over 
that in the constant temperature case. In practice, some improvement 
is observed, but far less than is predicted by theory (49). This may 
be caused by channeling in the column, vertical mixing, lateral thermal 
gradients within the column, failure to achieve equilibrium between the 
phases, or too high mobility of the polymer-rich phase, particularly at 
the higher temperatures. 
Preferential adsorption of the high molecular weight polymer by 
the packing material may contribute somewhat to the fractionation. How­
ever, since polymer adsorption is frequently highly irreversible, it is 
usual to select non-adsorptive packings, such as glass beads or sand in 
order to avoid undue loss of polymer (50). 
The principles of operation of a thermal-gradient elution column 
for large-scale fractionation have been discussed by Pepper and Rutherford 
(51) and by Schneider, Loconti, and Holmes (52). 
Polymer fractionation techniques are summarized by Hall (50) . During 
the course of this work, several different methods were tried. Stepwise 
fractional precipitation was found to be the most dependable method, 
although the column methods worked reasonably well and could probably 
have been made to be entirely satisfactory if enough time could have 
been spent developing them. 
Fractional Precipitation 
Stepwise fractional precipitation was used in most of the 
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fractionations carried out during the course of this study. A large, 
round-bottom flask was used as a fractionation vessel. It was im­
mersed to the neck in a thermostat maintained at 30° C. A quantity 
of polymer was weighed, poured into the flask, and dissolved, with 
gentle stirring, in enough benzene to make the polymer concentration 
in the initial solution about one percent. 
The precipitation was accomplished by slowly adding methanol to 
the solution with constant stirring. Addition of methanol caused the 
solution to become cloudy after precipitation had begun. The addition 
was continued until a mark on the outside of the flask could no longer 
be seen by looking through the solution. 
After sufficient methanol had been added, the temperature of the 
thermostat was raised until the precipitate had dissolved. The tempera­
ture was then allowed to fall slowly back to 30° C , so that phase 
separation was re-established. This step was taken to ensure that the 
two phases were in true equilibrium. 
After the system had remained at 30° C. for about one hour, the 
stirrer was turned off and the precipitate allowed to settle. This 
usually required several hours and normally took place overnight. When 
the precipitate had settled, the flask was removed from the thermostat, 
and the large volume of supernatant solution, the polymer-poor phase 
was decanted into another flask until only a small portion remained, 
along with the polymer-rich phase. The liquid remaining in the flask 
was then swirled vigorously to resuspend the relatively immobile polymer-
rich phase and minimize its adherence to the walls of the flask. The 
suspension was poured quickly into a separatory funnel partially 
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immersed in the thermostat, and allowed to separate. This time separa­
tion was complete within a few minutes, and the polymer-rich phase was 
removed through the bottom of the funnel. The polymer-poor phase re­
maining in the funnel was recombined with the decanted solution, and a 
second separation was effected by careful addition of more methanol. 
This procedure was repeated until all of the polymer had been precipi­
tated. 
The polymer-rich solutions thus removed from the original solu­
tion were quite viscous. They were diluted with several times their 
volume of benzene, after which the polystyrene was precipitated by 
pouring into a large excess of methanol agitated in the Waring blender. 
Finally the fractions were filtered, washed several times with methanol, 
and dried as described above. 
The viscosity-average molecular weight of each fraction was deter­
mined, and those that had appropriate molecular weights were refrac-
tionated to provide sharper fractions. (For technique of determining 
viscosity-average molecular weight, see pages 64-79 below,,) The frac­
tions designated B and F used in this study were refractionated by 
repetition of the fractional precipitation procedure. Those desig­
nated J and L were refractionated by column methods described below, 
Column Fractionation Methods 
In an effort to develop a fractionation procedure less tedious 
and time-consuming than the fractional precipitation method, two pro­
cedures using columns to effect continuous fractionation were tested. 
Although the results of these fractionations were less satisfactory 
than those of the stepwise method, they did bring about considerable 
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separation, and the fractions obtained were used in adsorption studies. 
Elution at Constant Temperature. The column used in constant -
temperature elution fractionation is shown in Figure 1. It was five 
centimeters in diameter and about 1.8 meters long. It was provided 
with a water jacket and stopcocks and the top and bottom for admitting 
and withdrawing the elutant. At the top of the column was a 12-liter, 
three-neck flask, A, connected to the column by a glass tube through 
the bottom of the flask. A second flask, B, beside the first, was con­
nected to A by means of a siphon tube. 
The column was packed with "Superbrite" glass beads, manufactured 
by the Minnesota Mining and Manufacturing Company. These had an average 
diameter, according to specifications, of about 0.1 millimeter. Before 
packing, a plug of glass wool was placed in the bottom of the column. 
The lower stopcock was closed, and the column was partially filled with 
a mixture of solvent and non-solvent of the same composition as the ini­
tial elutant. The glass beads were poured into the top of the column 
slowly. Enough solution was used so that the level of the packing re­
mained lower than the top of the liquid. In this way a dense, uniform 
packing was obtained. 
Meanwhile, 4.55 grams of polystyrene were dissolved in 500 milli­
liters of benzene, and methanol was added until apparently all of the 
polymer was precipitated. The suspension was heated to redissolve the 
polymer, and 200 grams of glass beads were added. The solution was then i 
allowed to cool very slowly without stirring so as to precipitate the 
polymer on the beads. When the solution had reached room temperature 
and the supernatant liquid had become clear, the latter was decanted; and 
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Water In 
Figure 1. Constant-Temperature Elution Column 
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the beads and adhering polymer were poured into the top of the column 
on top of the rest of the packing. 
The top of the column was closed, and flask A was half filled 
with the initial elutant solution, a mixture of 40 percent methanol and 
60 percent benzene by volume. Pure benzene was placed in flask B, and 
the siphon tube was filled with benzene. Water at 25° C. was circu­
lated in the water jacket. Both stopcocks were opened very slightly3 
and a receiver was provided to catch the effluent solution. The flow 
rate was kept very low, about one milliliter per minute. 
The effluent solution was tested periodically for polymer by 
adding methanol to it. At the first trace of cloudiness, the receiver 
was changed, and receivers were changed thereafter whenever 200 milli­
liters of effluent had been collected. 
Phase separation was induced in the effluent solution by addition 
of methanol, and the heavier phase was allowed to settle in a separa-
tory funnel. Completeness of precipitation was checked by further ad­
dition of methanol to the supernatant liquid after settling. If there 
was no cloudiness, the precipitation was assumed to be complete. The 
polymer-rich phase was then removed and precipitated as described above. 
The elution was continued until no more polymer could be detected in 
the effluent. 
The recovered polystyrene was transferred to a tared beaker, 
dried thoroughly, and weighed. Then a small portion of the polymer was 
dissolved in benzene, and a one-point determination of the viscosity-
average molecular weight was made as described on pages 64-79 below. 
Results are summarized in Table 1. 
Table 1. Results of Column Fractionation at Constant Temperature 
Fraction Weight Intrinsic Molecular 
(Grams) Viscosity Weight 
1 0.0803 0.150 16,000 
2 0.1711 0.177 20,000 
3 0,4637 0.255 32,000 
4 0.8771 0.314 43,000 
5 1.2132 0.351 49,000 
6 0.8610 0.362 51,000 
7 0.6658 0.363 51,000 
8 0.0116 -0-.359 50,000 
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Apparently fractionation was successful until the sixth fraction 
but failed to distinguish between the last three. It was decided that 
because of the large size of the available equipment and the consequent 
necessity for using large quantities of solvents, no further effort 
would be expended on this column, but that another, smaller column would 
be built. However, since the fractionation had been partially successful, 
the fourth through the sixth fractions were combined to make up the frac­
tion designated L. All of these fractions were dissolved in benzene and 
reprecipitated to ensure uniform composition of the final product. 
Thermal-Gradient Elution. The column used for thermal-gradient 
elution fractionation was similar to that of Baker and Williams (47) 
but was slightly modified. The apparatus is shown schematically in 
Figure 2. The column itself was a piece of one-inch copper pipe one 
meter in length. Copper flanges brazed to the top and bottom had 
grooves cut in them to fit a one-inch O-ring. At the bottom of the column 
four turns of quarter-inch copper tubing were tightly wound and soldered 
securely. At the top of the column was a heater composed of two meters 
of nichrome wire wound around the column on a thin layer of asbestos. 
The entire column was insulated with a layer of asbestos about one centi­
meter thick. 
Pyrex fittings were made to be attached at the top and bottom of 
the column by 0-rings. The top fitting had a side arm for the admission 
of elutant and a vent, closed with*a Teflon stopcock. The vent was 
necessary because air, dissolved in the elutant, was driven off in the 
high-temperature section of the column and had to be released periodi­
cally. The bottom fitting had a medium fritted gla*ss filter to retain 
the packing and a Teflon stopcock to control the flow. 
Figure 2. Thermal Gradient Elution Column 
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A one-liter Erlenmeyer flask was used as a mixing flask. This 
had a standard-taper joint at the top and was fitted with a discharge 
tube at the bottom. The latter was closed with a Teflon stopcock and had 
a ball joint at the end to join it to the side arm at the top of the 
column. 
The solvent reservoir was a 500-milliliter separatory funnel 
equipped with a standard-taper joint and a stem that reached nearly to 
the bottom of the mixing flask. 
The mixing flask initially contained a mixture of ethanol and 
methylethyl ketone containing 40 percent ethanol. This solvent-non-
solvent pair was chosen because its azeotrope boils at a higher tempera­
ture than does that of any other pair considered (53). The reservoir 
contained pure methylethyl ketone, A magnetic stirrer in the mixing 
flask provided constant agitation. 
Packing the column was accomplished in the manner described above 
for the constant-temperature column. Before the beads with polymer 
deposited on them were added, the column was filled with liquid; and, with 
the tip removed, cooling water was circulated in the coil and electric 
current was passed at low voltage through the heater. The voltage was 
adjusted by means of a Variac autotransformer until the temperature at 
the top of the column remained constant at 60° Co 
Then the polymer-bearing beads were added to the column, the top 
was put on and filled with elutant up to the vent, and the vent was 
closed. The lower stopcock was opened and adjusted to deliver about 
ten milliliters of liquid per hour. This adjustment had to be changed 
frequently because of changes in the viscosity of the effluent solution. 
31 
An automatic fraction collector was used to change receivers every two 
hours. 
The liquid in the receivers was tested for polymer by adding 
methanol. After the first trace of cloudiness appeared when this test 
was made, the contents of successive receivers were combined to form 
a total volume of 100 milliliters. The polymer contained in this 
volume of effluent was arbitrarily defined as a fraction. The receivers 
were rinsed with methylethyl ketone and the washings were combined with 
the original solution, The solution was then diluted to a total volume 
of 300 milliliters and precipitated by pouring into methanol as 
described above. 
One-point viscosity determinations of molecular weight were made 
and the results are summarized in Table 2. Fractions five through nine 
were combined to form the fraction designated J. 
Molecular Weight Distribution 
Any sample of a synthetic polymer contains molecules of many 
molecular weights, M^, such that 
M. = iM (3) l o 
where M = molecular weight of a monomer unit; o 
i = an integer. 
This relation neglects the fact that the composition of the end groups 
is slightly different from that of those monomer units not at the chain 
end, but for high polymers, the difference is usually negligible. 
The average molecular weight of a polymer sample may be defined 
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Table 2. Results of Thermal-Gradient Elution Fractionation 
Fraction Weight Intrinsic Molecular 
(Gram ss) Viscosity Weight 
1 0.0574 0.172 19,000 
2 0.0906 0.240 22,000 
3 0.1723 0.244 31',000 
4 0.3734 0.332 46,000 
5 0.5135 0.388 56,000 
6 0.6124 0.513 81,000 
7 0.7437 0.517 83,000 
8 0.7711 0.542 87,000 
9 0.7124 0.623 105,000 
10 0.6246 0.732 132,000 
11 0.0880 0.675 117,000 
12 0.13.94 0.673 117,000 
13 0.0953 0.628 107,000 
14 0.0273 0.559 91,000 
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in various ways. The number-average molecular weight, M , is defined 
n 
as 
= LN,M,/Z H  /j N . M . / L N . (4) n . 1 1 . 1 l l 
where N . = number of molecules having molecular weight M ^ . The weight-
average weight, M , is defined as w 
Z j N . M . / ^ M = _> Ls N . M . (5) 
W . 1 1 . 1 1 
l l 
These relations are summarized by Tanford (54). 
Clearly these two equations can be rewritten 
M n 
= W / N (6) 
and 
N . W . / W . i i l (7) 
where W = weight of sample; 
W. = weight of molecules having molecular weight M ; 1 i 
N = total number of molecules in the sample. 
For a perfectly homogeneous polymer (all molecules have the same 
molecular weight) the averages are identical. For non-homogeneous 
polymers, 5T is less than M^ (54). 
Let a distribution function F be defined such that 
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J 
F . = / N,-/N (8) 
Then F is the fraction of molecules present having molecular weight nj 
less than or equal to M*. Similarly, a function F . may be defined as 
J w j 
F = £ V W (9) 
W J i=0 
F is the weight fraction of polymer present having molecular weight less 
than or equal to M_. 
Since the number of different molecular weights present in a given 
polymer sample is usually quite large, the summations may be replaced by 
integrals to give approximate values for the functions: 
H = Jn(M)MdM/jn(M)dM; (10) n o o 
M = jw(M)MdM/ jw(M)dM; (11) 
W O n 
F (M) = jn(M)dM/N; (12) n o 
oo 
F (M) = jw(M)dM/W. (13) w o 
Now it is clear that 
n(M) NdF (M)/dM n (14) 
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AND 
W(M) = W D F (M)/DM. (15) W 
HENCE 
C O oo 1 1 1 
M = J(DF /<±M)MDM/ J(DF /DM)DM = JMDF / IdF = JMDF (16) N O N O N O N O N O N 
AND 
oo oo 1 1 1 
M = I(DF /DM)MDM/ I(DF /DM) DM = JMDF / IdF = IMDF . (17) W O W O W O W O W O W 
ONLY ONE DISTRIBUTION FUNCTION NEED BE KNOWN SINCE THEY ARE RELATED 
B Y THE EQUATION 
W(M) = W D F /DM = NMDF /DM = MN(M) (18) 
W N 
OR 
J^W/M)DF^/DM = NDF^/DM. (19) 
NOW 
I(l/M)(DF /DM)DM = (N/W) hdF /DM)DM (20) 
O W O N 
OR 
I(L/M)DF = (1/M ) IDF = 1, , . . /H . (21) W N O N N 
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Thus, if F is known as a function of M (e.g., from a fractionation ex-
w 
periment), both H and M are readily determined by graphical integra-n V7 
tion of Equations 21 and 17 respectively. 
Fraction B had a molecular weight too high to permit meaningful 
osmotic pressure measurements. Hence it was necessary to obtain an 
approximation to its molecular weight distribution by fractionation. 
Because of the failure of the column methods to achieve fractionation 
at high molecular weights, it was decided to use fractional precipita­
tion. 
One gram of polymer was dissolved in 500 milliliters of benzene 
in a one-liter, globe-type separatory funnel. This was immersed to its 
neck in a thermostat, and the fractionation proceeded as described above. 
Separation of the polymer-rich phase was simplified by use of the 
separatory funnel since no decanting of the supernatant liquid was 
necessary. 
After separation, the polymer-rich phase was diluted with benzene 
and precipitated by pouring into six times its volume of methanol in a 
beaker agitated by a magnetic stirrer. The precipitate was filtered 
with a sintered glass filter, washed thoroughly with methanol, and quan­
titatively transferred to a tared container. The container and its con­
tents were warmed for several hours in a slow stream of air and then 
dried under vacuum at 80° C. and weighed. 
One-point viscosity measurements were made to determine the 
average molecular weight of each fraction. The molecular-weight distri­
bution curve was constructed by the method of Schulz (55) . Booth (56) 
and Booth and Beeson (57) have compared various methods of constructing 
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distribution curves from fractionation data and concluded that this pro­
cedure is satisfactory for most purposes. 
The assumptions in this method are that the distribution in any 
fraction is symmetrical about the viscosity-average molecular weight, 
and that the viscosity-average molecular weights of the two fractions 
adjoining a given fraction represent the outer limits of the overlap 
between fractions. Thus, if w^ represents the weight of fraction i and 
W. is the total weight of polymer having molecular weight less than M , 
1 i 
then is given by 
W. - Ewj + (22) 
Now F is given by w 
wi i 
(23) 
Fractionation data are shown in Table 3. The integral and dif­
ferential distribution functions are shown in Figures 3 and 4. The in­
tegral distribution function was determined by drawing a smooth curve 
through the experimental points. The slope of this curve was measured 
at several points by placing two glass rods, side by side, over the 
curve, adjusting the rods until the curve appeared continuous when 
viewed through the rods, and drawing the normal to the tangent at each 
point. From the resulting line, the slope of the tangent was readily 
determined. The differential distribution function (Figure 4) is a 
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Figure 4. Differential M.W. Distribution - Fraction B 
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plot of the resulting slopes as a function of M. 
The function F (M), defined by Equation 23, was plotted against w 
M (Figure 3). Since M is given by Equation 17, the weight-average v w 
molecular weight is equal to the area between the curve and the or­
dinate. Also, the reciprocal of was plotted against F in Figure 5. 
According to Equation 21, the area under this curve gives the reciprocal 
of M^. The areas were measured by means of a polar planimeter. The 
value of M so calculated was 15.0 x 10^; that of M was 18.4 x 10^. n w 
Osmotic Pressure 
Number-average molecular weights are most easily measured by os­
mometry. The relation between osmotic pressure and concentration of 
polymer in solution is given by 
ti/c = RT (1 /M + Be + Cc 2 + . . .) (24) 
where it = osmotic pressure; 
c = concentration of solute; 
R * gas constant; 
T as absolute temperature; 
M = number-average molecular weight; n 
B,C constants in the virial equation. 
Equation 24 can also be written 




Table 3. Fractionation Data, Fraction B 
Concen-
Fraction Weight tration Kinematic Relative Intrinsic M L 
(Grams) (g/lOOml.) Viscosity Viscosity Viscosity x 10 
1—
» 0.2885 0, .3475 0. .9217 1.930 2, .12 2.76 
2 0.2201 0. .3008 0, .7873 1.649 1. .81 2.20 
3 0.1893 0, .2328 0. ,6900 1.445 1. .65 1.80 
4 0.2359 0, .3730 0. .7632 1.597 1. .36 1.28 
5 0.0746 0. .2474 0. .5851 1.226 0. ,89 0.90 
2 . 5 ^ 
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where T and g are constants derived from B and C in Equation 24.̂  Ex­
perimentally, g turns out to be very near one-fourth in most good sol­
vents, so we can write 
n/c = (RT/Mn)(l + r c / 2 ) 2 (26) 
for low concentrations. Thus (TL/C)^^ is a linear function of concen-
1/2 
tration having an intercept equal to (RT/Mn) ' . The above relations, 
as well as the experimental procedure for osmometry, are summarized 
by Hookway (58). 
Apparatus 
The osmometer used in this work is shown schematically in Figure 
6. It is a high temperature modification of the type described by 
Stabin and Immergut (59) and was supplied by the J. V. Stabin Company. 
The rate of approach to equilibrium with this type of instrument is 
very rapid because of the large membrane area (61 square centimeters). 
Equilibrium measurements could be obtained in a few hours. The mem­
branes used were gel cellophane, No. 450, also supplied by Stabin. The 
osmotic head was measured by means of a Gaertner cathetometer, which 
could be read directly to the nearest 0.001 centimeter. 
The osmometer was immersed in a large thermostat maintained at 
30° C. The variation in the temperature of the thermostat was 40.015 
degrees as measured by a Beckmann thermometer. The osmometer itself 
was insulated from the thermostat by its jacket and the unstirred ben­
zene in it, so that the temperature variation at the osmometer itself 
should have been much smaller. 
/
Adjusting Rod 
Figure 6. Stabin-Immergut Osmometer 
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The osmometer could be filled and emptied by means of a long 
hypodermic syringe, and it was never necessary to remove the osmometer 
from the thermostat between readings. 
Procedure 
The membranes were supplied in five percent aqueous ethanol. The 
first step in preparation of the osmometer was to condition them to 
pure benzene. Membranes were soaked for several hours each in solutions 
of 20, 50, and 80 percent aqueous ethanol, two changes of absolute etha­
nol, 20, 50, and 80 percent benzene in ethanol, and two changes of pure 
benzene. They were kept in benzene until used. 
Fine wire mesh was used to support the membranes in the assembled 
osmometer. The membranes were removed from the benzene and put between 
the supporting plates of the osmometer with the wire mesh on the outer 
side of each membrane. The instrument was assembled and the retaining 
bolts turned as tight as possible to avoid leakage. The assembled osmo­
meter was placed in its jacket, which contained benzene, and the entire 
assembly was lowered into the thermostat. 
Initially, the osmometer was filled with pure benzene in order to 
measure membrane asymmetry and test for leaks. The benzene was intro­
duced by means of the hypodermic syringe. Care was taken to remove all 
bubbles from the instrument. When the filling capillary had run over, 
the syringe was removed and the steel rod inserted and pushed down until 
it was visible inside the glass portion of the instrument. Then it was 
withdrawn carefully to lower the height of the benzene in the measuring 
capillary. 
The head was adjusted to approximately its equilibrium value by 
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moving the steel rod. Then it was observed through the telescope of the 
cathetometer for several minutes. If any movement was observed, the head 
was re-adjusted in the direction of the movement. This procedure was 
continued until no further motion of the meniscus in the measuring 
capillary was discernable. Thereafter the height of the column was 
checked at hourly intervals to determine whether the head was really 
constant. Usually, no further change in head was observed after two 
hours. 
When the instrument had reached equilibrium, the heights of the 
columns in the measuring and reference capillaries were measured, and 
the difference taken as the apparent osmotic head. 
The apparent osmotic head for pure benzene was recorded, and 
the algebraic difference between this value and the apparent head of 
the polymer solutions was taken as the true osmotic head. 
For each fraction the most concentrated solution was prepared by 
weight, and other solutions were prepared by dilution. Osmotic heads 
of the polymer solutions were determined in the same way as was the 
head for pure benzene. After each head had been measured, the solution 
was removed from the osmometer with the syringe, and a ten-milliliter 
aliquot was evapoarted in a tared dish and the polymer residue deter­
mined as a check on the concentration. 
Osmotic pressure is related to the osmotic head by the equation 
n = ph (27) 
where = osmotic pressure; 
h = true osmotic head; 
p = solution density. 
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In practice, the quantity (h/c) was plotted against concentration and 
extrapolated linearly to zero concentration. The intercept was squared 
and multiplied by the density of pure benzene to give (TC/C) q. By solving 
the equation 
(TT/c) = RT/M , (28) o n 
the number-average molecular weight could be determined. The constant 
R has the value 848 when pressure is in units of grams per square and 
temperature in degrees Kelvin (60). 
Experimental results are summarized in Figure 7 and Table 4. 
Light Scattering 
Light scattering provides a convenient measure of the weight-
average molecular weight of polymers. If a parallel pencil of mono­
chromatic, unpolarized light is passed through a pure liquid or solu­
tion, a portion of the light is scattered. In a pure liquid, this 
scattering arises from small statistical fluctuations in the density 
of the liquid in volume elements that are small compared to the wave­
length of the light. In solutions, there are additional contributions 
to the scattering arising from fluctuations in solute concentration 
in small volume elements. 
If the solute molecules have dimensions much smaller than the 
wavelength of the light used, the light scattered at an angle 9 from 
the direction of the incident beam is related to the molecular weight 
by the equation 
Table 4. Osmotic Pressure Data 
1 /2 
Sample Concentration Osmotic Head h/c (h/c) 1 
(c) (h) 
(g./lOO ml.) (cm.) 
Fl 1.213 1.688 1.39 1.18 
F2 0.728 0.802 1.10 1.05 
F3 0.485 0.446 0.92 0.96 
F4 0.243 0.224 0.92 0.96 
0 (0.83) (0.91) 
M n = 354,000 
Jl 0.719 - 1.773 2.46 1.57 
J2 0.431 0.992 2.27 1.50 
J3 
J4 0.145 0.297 2.05 1.43 
0 — (1.99) (1.41) 
M = 145,000 n ' 
LI 0.537 2.696 5.02 2.24 
L2 0.323 1.595 4.94 2.22 
L3 
L4 0.107 0.510 4.76 2.18 
0 (4.75) (2.18) 




0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Concentration x 10 2 (g./ml.) 
Figure 7. Osmotic Pressure Data 
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27rn2(an/6c)£(l + cos20)c 
(29) 
I o NA
4r 2(l/M + 2Bc + 3Cc2 + . .) 
where iQ = intensity of the scattered light at angle 
I = intensity of the incident beam; 
o 
n = refractive index of the solution; 
n = refractive index of the solvent; o 
c = concentration of the solute; 
N = Avogadro 0 s number; 
\ = wavelength of light used; 
r = distance from the center of the scattering cell to the 
photocell; 
M = weight-average molecular weight of the solute; 
B,C = coefficients in the virial equation (61). 
Commonly the optical constants in Equation 29 are combined to 
form a constant, K, and the factors that depend on the geometry of the 
photometer are combined with the intensities into a single function of 
angle, R(0): 
w 
K = 27t2n 2( 6n/8c) 2/N X 4; 
o T A 
(30) 
R(9) = r 2i 0/l o(l + cos (31) 
Using these definitions, Equation 29 can now be rearranged in the form 
Kc/R(6) = 1/M +2B c + 3Cc2 . . . (32) 
5 0 
The quantity R(0), known as the reduced scattering intensity, is con­
stant for solute molecules that do not have any dimension greater than 
one-twentieth of the wavelength of the incident light. In the deter­
mination of the molecular weight of such molecules, the ratio IQ/^Q is 
measured at an angle of 9 0 degrees from the incident beam for solutions 
of several different concentrations. The quantity Kc/R(6) is plotted 
as a function of c and the resulting curve extrapolated to zero con-
centration. The intercept is equal to the reciprocal of the molecular 
weight. 
When any dimension in the solute molecule is greater than one-
twentieth of the wavelength of the incident light, R(0) is no longer 
constant but varies with angle. At high scattering angles the intensity 
of scattered light is reduced because light scattered from one point of 
a molecule interferes destructively with light scattered from another 
point on the same molecule. The effect diminishes as the angle de­
creases and theoretically vanishes at zero angle. For such large mole­
cules Equation 32 must be written 
Kc/R(9) = 1/M P(0) + 2Bc + 3Cc2 + . . . (33) w 
where P(0) = Lim R(0)/R (0); 
ĉ O o 
RQ(0) = reduced scattering intensity at zero angle. The function 
P(0) is much less than unity for high scattering angles. At low angles 
it can be shown (61) that 




where R is the root mean square radius of gyration of the solute mole-
cules. Since P(0) is meaningless in all but very dilute solutions, it 
is necessary to obtain data at several concentrations and extrapolate 
the plot of Kc/R(9) to zero concentration at each angle, 9, and then 
extrapolate the zero-concentration values so obtained to zero on a 
plot of Kc/R(0) versus sin 2(0/2). 
This can be done on a single graph using the method of Zimm (62). 
In this procedure Kc/R(9) is plotted against sin2(9/2) + kc, where k is 
an arbitrary constant chosen to give a convenient spread in the data. 
Data for all concentrations and all angles are plotted on the same graph. 
The curve for each angle is extrapolated to zero concentration, i.e. 
sin (9/2); and the curve for each concentration is extrapolated to zero 
angle, i.e., kc. Finally the curves through the two sets of points ob­
tained by extrapolation are themselves extrapolated to the ordinate. 
They must have a common intercept, and the intercept is equal to the 
reciprocal of the weight-average molecular weight. 
Experimental Procedure 
The apparatus used was a Brice-Phoenix Universal Light-Scattering 
Photometer, Model 1000. A cylindrical scattering cell 30 millimeters 
in diameter was used in scattering measurements on polystyrene solutions. 
Preliminary scattering measurements on pure benzene were made using a 
20-millimeter square cell. 
Solution Clarification. All solutions used in light scattering 
must be scrupulously free of dust. The two methods most often used 
for clarification of solutions are centrifugation at very high speed 
and filtration under nitrogen pressure through an ultrafine sintered 
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glass filter. In this work filtration was used in all cases except for 
solutions of fraction B, which clogged the filter. Solutions containing 
fraction B were clarified by centrifugation. 
The solution to be filtered was poured into a filter funnel and 
forced through the filter under pressure of dry nitrogen. When filtra­
tion was complete, the cell was immediately covered with a clean glass 
plate and placed in the photometer. With the room darkened, a beam of 
white light was passed through the cell with the top of the photometer 
open. By looking through the cell at a low angle, it was possible to 
see any particles of dust remaining in the solution as bright specks 
in the beam. A further test of clarification was to measure scattering 
at 30 degrees with the sensitivity turned as high as possible. A very 
unstable galvanometer reading indicated the presence of dust. 
When it was necessary to use centrifugation, a Servall Superspeed 
Centrifuge was used. The instrument was brought up to full speed slowly, 
allowed to run for one to two hours, then turned off and allowed to 
coast to a stop. Completeness of clarification was tested in the same 
way as in the case of filtration. 
The cell was freed of dust before each measurement by condensing 
benzene vapor in the inverted cell and allowing the liquid to run out. 
A special cell cleaner, shown in Figure 8, was used. 
Preliminary Measurements. The turbidity of a solution may be 
calculated from scattering measurements made at 90 degrees with the 
Brice-Phoenix instrument using the formula 
T = [l6TD/3h( 1.045)] I n 2R w/R c ] aFG(90)/G(0) (35) 
Figure 8. Cell Cleaner 
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where T = turbidity; 
TD = a constant which is a property of the reference standard 
supplied with the instrument; 
h = beam width; 
R /R = correction for incomplete refraction effects; w c r 
a = constant which is a property of the working standard supplied 
with the instrument and the geometry of the instrument; 
F = transimittance of the filter combination used; 
G(90) = galvanometer deflection for intensity of scattered light 
at 90 degrees; 
G( 0 ) = galvonometer deflection for intensity of incident light; 
1.045 = correction for internal reflections (62). The reduced 
scattering intensity at 90 degrees is related to the turbidity by the 
equation 
T = 16TT.R(90)/3 (36) 
so that Equation 35 may be written (64) 
R( 9 0 ) = [TDAth( 1.045)] [n2R /RJaFG(90) /G(0) . (37) 
w c 
The values of TD, h, R /R . and individual filter transmittances are 
w c 
given in the Operation Manual (62). It is necessary to determine the 
constant a experimentally at frequent intervals since it may be strongly 
affected by small changes in the alignment of the instrument caused 
by changing lamps or phototubes. This was done according to the 
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procedure described in the Operation Manual (62) by measuring the gal­
vanometer reading G at zero degrees with the reference standard and 
all four filters in the beam, and the reading G^s with the working stan­
dard and filters F^, F , and F^ in the beam. The constant a is given by 
a = F G /G (38) 4 ws rs 
After the value of a had been determined, the reduced scattering 
intensity of benzene was measured using a square cell. This was necessary 
because the constant TD, and hence the constant a, are defined only for 
the wide-beam geometry. In order to make measurements with a cylindri­
cal cell and narrow beam, it is necessary to obtain a correlation factor, 
k. This is done by measuring G(90)/G(0) using the square cell and wide 
beam and again using the square cell and narrow beam. The correlation 
factor is given by 
k = [FG(90)/G(0)]/[F'G,(90)/G,(0)] (39) 
where F = transmittance of the filter combination used. Primed quanti­
ties are those measured with the cylindrical cell. 
Another difference in the form of Equation 37 to be used with the 
cylindrical cell is in the correction for internal reflection. If x is 
the fraction of light reflected at the cell window and G'(9) is the 
measured galvanometer reading at angle 0 , the value G(0) to be used is 
given by 
G(9) = G'(0) - xG'(n - 0 ) . (40) 
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The value of x may be determined from the refractive index of the glass 
used in the cell by the relation (65) 
x = (1 - n)2/(l + n ) 2 (41) 
Values of n for all cells supplied for use with the Brice-Phoenix 
Photometer are given in the Operation Manual (62). 
Equation 37 may now be written for the cylindrical cell as 
R(9) = [TD/TT][n2Rw/Rc] kaF[G(0) - xG(IT - 6)]/G(0). (42) 
Cell Alignment. Before any measurements could be made, the cy­
lindrical cell had to be aligned and permanently attached to its square 
base. Redistilled Fisher Reagent Grade benzene was filtered into the 
dust-free cell, and the cell was placed in the photometer. The cell 
was aligned visually and then adjusted until scattering measurements 
at 45 and 135 degrees were the same. A further check on alignment was 
provided by the equation 
G(9)/G(90) = sin9/[l + (1 - p)cos29/(l + P)] (43) 
where p = depolarization of benzene (66). 
When the cell had been satisfactorily aligned, it was affixed to 
the base by means of a small quantity of household cement, carefully 
applied around the bottom of the cell. After the cement had dried for 
24 hours, the cell was ready for use. 
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Refractive Index Measurements. Both the index of refraction of 
the solvent and the partial derivative of the refractive index with 
respect to solute concentration must be known in order to compute the 
constant (see Equation 30), Refractive indices of benzene at various 
wavelengths are given in the American Institute of Physics Handbook 
(67). These have been plotted and are shown in Figure 9. The re­
fractive index at 436 milimicrons, the wavelength of the blue line of 
mercury, was determined from this plot. 
The rate of change of refractive index with respect to solute 
concentration was measured by means of a Brice-Phoenix Differential 
Refractometer. This instrument is capable of measuring changes in 
refractive index with a precision of ±3 x 10"^. 
In making the measurement of a change in refractive index, pure 
solvent is placed in one side of a cell and dilute solution in the 
other side. The two compartments are separated by a transparent par­
tition set at an angle to a beam of light passing through the cell. 
The beam of light is deflected because of the difference in refractive 
index between the two compartments, and the deflection, d, can be 
measured by means of a filar micrometer. 
The instrument was calibrated by measuring the micrometer 
readings using a series of sucrose solutions of known refractive index. 
This was done using solutions containing two, four, five, and six per­
cent sucrose. The difference, Ad, was taken as the instrument reading 
for a given concentration. This reading was determined by the relation 
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Figure 9. Refractive Index of Benzene as a Function of Wavelength 
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where the subscripts 1 and 2 refer to readings taken with the cell in two 
positions 180 degrees apart, and the subscripts s and o refer to read­
ings for solution and pure solvent respectively. It is important that 
algebraic sums be used, as the signs of the terms in Equation 44 may 
be like or unlike. 
To determine the calibration constant C for the instrument, Ad was 
plotted as a function of the difference in refractive index between the 
solutions and pure water, and the slope of the resulting straight line 
was determined. 
Another series of measurements was made in the same manner as 
those used for calibration, except that the solvent used was benzene 
and the solute was polystyrene. Each value of Ad determined was mul­
tiplied by C to give the change in refractive index, An. Finally, the 
measured values of An were plotted against solute concentration, and the 
slope of this line, (9n/9c)rj,, was determined. All measurements were 
made at 25° C„ Results of all these, measurements are given in Tables 
5 and 6 and in Figures 10 and 11. 
Scattering Measurements. After the solution had been clarified 
and tested, the sensitivity was adjusted so that the minimum galvanom­
eter deflection was about one-half of the scale with the blue filter 
and no neutral filters in the beam. 
The phototube was then moved to zero angle to measure the 
galvanometer reading for the incident beam. A combination of neutral 
filters was found by trial and error that gave between 50 and 100 
percent of a full scale deflection. The reading and filters used 
were recorded. Then measurements were made in a similar fashion for 
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Table 5. Refractometer Calibration Data 
Percent 
Sucrose 
An x 10 3 
(Ref. 68) dl d 2 d l " ^2 " A d 0 
0 0.00 5.043 5.070 -0.027 
2 2.89 6.488 3.578 2.937 
4 5.76 7.933 2.022 5.938 
5 7.22 8.655 1.237 7.445 
6 8.70 0.382 0.422 8.987 
Table 6. Determinat ion of (9n/6 c) T for Polystyrene in Benzene 
Concentration 
(g./lOO ml.) Ad An x 10 3 
1.0208 1.182 1.145 
0.8168 0.972 0.941 
0.6136 0.718 0.695 
0.4044 0.490 0.474 
0.2032 0.249 0.241 
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Change in Refractive Index x 10 2 
Figure 12. Calibration of Differential Refractomoter 
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Concentration (g./lOO ml.) 
Figure 11. Determination of (9n/^c) for Polystyrene in Benzene 
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a series of angles from 30 to 135 degrees. Both galvanometer readings 
and filters used were recorded for each angle. 
Solutions were prepared by weighing a quantity of polystyrene 
into a 100-milliliter volumetric flask, dissolving in benzene, and 
filling to the mark to make up the most concentrated solution used. 
Other solutions were prepared by dilution. After scattering measure­
ments were completed, a ten-milliliter aliquot of each solution was 
evaporated in a tared aluminum dish and weighed to check the concentra­
tion. Changes in concentration were negligible in almost all cases. 
Treatment of Data 
The data were treated according to the procedure of Zimm (64). 
Four measured galvanometer readings at each angle were averaged and 
divided by the transmission coefficient of the filter combination used. 
A correction was made for internal reflection in the cell, and R(9 ) was 
calculated from Equation 42. Since the scattering due to fluctuation 
in liquid density should be very nearly the same in pure solvent and 
all solutions, the value of R(9) for pure solvent was subtracted from 
that for the solution to give the excess scattering, R(9) , which 
ex 
was the quantity used in subsequent molecular weight calculations. 
A plot was made of c/R(9) versus kc + sin2(9/2) and extrapolations 
ex 
were made as described above. For all fractions except B, k was 100; 
for B, k was 1000. 
The constant K was calculated from the known optical constants. 
The intercept of the Zimm plot was multiplied by K, and the weight-
average molecular weight was determined by taking the reciprocal of 
this product. The Zimm plots for all four fractions are shown in 
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Figures 12, 13, 14, and 15. The values of the weight average molecular 
weights are collected in Table 8. 
Viscometry 
The simplest method of determining the molecular weights of 
polymers is the measurement of the intrinsic viscosity, defined 
by the relation 
[fl] = Lim (l/c)(il - n )/fi (45) c-*o ° u 
where c = concentration of polymer in solution; 
T] - viscosity of the polymer solution; 
^ Q = viscosity of the pure solvent. 
The intrinsic viscosity is empirically related to the molecular 
weight by the equation of Mark (69) and Houwink (70), 
[fl] = K*Ma (46) 
where K° and a are constants which must be determined experimentally 
for each polymer-solvent system. They are determined by measurement 
of the intrinsic viscosities of a number of fractions of low poly-
dispersity and known molecular weight. Molecular weights of the frac­
tions can be measured by light scattering or osmometry. A plot of 
log[fl] versus log M gives a straight line with slope a and intercept 
log K !. Values of K f and a for many polymer-solvent combinations 
are available in the literature. Table 7 shows values of these 
6 5 
1 2 3 4 
1000c + Sin2 6/2 
Figure 12. Zimm Plot for Fraction B 
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Figure 14. Zimm Plot for Fraction J 
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Figure 15. Z imm Plot for Fraction L 
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Table 7. Mark-Houwink Parameters 
System K 1 x 10 4 a Ref. 
Polystyrene, benzene, 25° C. 0. 95 0.74 71 
Polystyrene, Methylethyl ketone, 
25° C. 3. 9 0.58 72 
Polyisobutylene, cyclohexane 
30° C. 2. 6 0.70 73 
Table 8. Molecular Weights of Polystyrene Determined by Various Means 
Fraction M. x 10~5 w M x 10"5 n 
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A N O T H E R R E L A T I O N T H A T C A N B E D E R I V E D F R O M E Q U A T I O N 4 8 . T H E M A C L A U R I N ' S 
S E R I E S E X P A N S I O N F O R T H E N A T U R A L L O G A R I T H M O F A N U M B E R B E T W E E N O N E A N D 
T W O M A Y B E W R I T T E N 
L N ( L + X ) = X - X 2 / 2 + X 3 / 3 - . . . ( 4 9 ) 
F O R S M A L L V A L U E S O F X , T E R M S H I G H E R T H A N T H E S Q U A R E C A N B E N E G L E C T E D . 
S U B S T I T U T I N G 1] F O R X W E O B T A I N 
6 S P 
L N ( L + N . D ) = 1 - 1
 1II ( 5 0 ) 
S P S P S P 
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Solving Equation 48 for f] and substituting in Equation 50, we obtain 
sp ln(l + fl ) = [fl] c +k[fl]2c2 sp 
- %([r]]2c2 + 2k[f]]3c3 + k 2 h] 4c 4) (51) 
which may be written, ignoring terms higher than the square, as ln(l + fl ) = [fl] c - (1/2)(1 - 2k)h]2c2 (52) sp 
or 
(l/c)ln(l + fl J = M - (1/2 - k)[flJ2c (53) SP 
Hence, a plot of (l/c)ln(l + f|__) versus c gives a straight line of 
sp 
slope - (h - k) U f and intercept h i 
Commonly, both f] /c and (l/c)ln(l + f] ) are plotted against c sp sp 
on the same graph. The two straight lines are extrapolated to a common 
intercept (75). Furthermore, the difference in the slopes of the two 
lines so obtained should be one-half the intrinsic viscosity, thus 
giving yet another check on the correctness of the value determined. 
Equations 48 and 53 can be solved simultaneously to obtain an 
expression for the intrinsic viscosity determined by a viscosity measure­
ment at only one concentration: 
h] = [(2/c) 2fr s p - M I + y ] ] 1 (54) 
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The determination of intrinsic viscosity in this way does not depend 
on knowledge of the Huggins constant. 
The value of the molecular weight of a polydisperse polymer 
obtained by viscosity measurements is neither a weight-average nor a 
number-average. It can be shown to be always less than or equal to the 
former and greater than the latter (76). 
Procedure 
The viscometer used in this work was of the Ubbelohde, suspended-
level type and is shown schematically in Figure 16. It was suspended 
in a thermostat, the temperature of which was controlled to 0.03 degrees. 
A Meylan stopwatch, type 200A, with a precision of ±0.05 seconds was 
used to measure efflux times. 
Calibration. The viscometer was calibrated by measuring the 
efflux times for distilled water at various temperatures. The viscosity 
of water has been determined precisely as a function of temperature (77). 
The Poisuille equation, relating viscosity and efflux time in a 
capillary-tube VISCOMETER, may BE W R I T T E N 
r = radius of the measuring capillary; 
h = vertical distance between upper and lower liquid surfaces 
in the viscometer; 
t = efflux time; 
TL/p = TTR4ht/8V1 (55) 
where *1 viscosity; 
P density of liquid; 
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Figure 16. Ubbelohde Viscometer 
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V = effluent volume; 
1 = length of the measuring capillary. 
Equation 55 neglects the effect of the acquisition of a finite 
kinetic energy by the fluid in flowing through the capillary, and is 
strictly valid only for an infinitely slow process. A kinetic energy 
correction of the form -B/t must be made, where B is an empirical 
parameter (78). It is usual to treat Equation 55, corrected for 
kinetic energy effects, as an empirical equation 
f|/p = At - B/t (56) 
where A and B are constants to be determined by calibration. If /p t 
is plotted as a function of 1/t , a straight line is obtained having 
a slope of -B and an intercept of A. 
The data obtained for the calibration of the viscometer with 
water (77) were fitted to Equation 10 by the method of least squares, 
and A and B were evaluated. The calibration curve is shown in Figure 
17. 
Preparation of Solutions. When a considerable amount of poly­
mer was available, as in the case of the samples used for adsorption 
studies, a series of measurements was made on solutions of varying 
concentration and the data extrapolated to zero concentration. Solu­
tions were prepared by dilution in the same manner as for osmometry 
or light scattering. The most concentrated solution was prepared first, 
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Figure 17. Viscometer Calibration Curve 
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In the determination of the molecular weight distribution of 
sample B, the amounts of polymer available were somewhat limitedo 
In this case, a measurement of the viscosity was made at only one con­
centration, and the intrinsic viscosity was calculated from Equation 54. 
Reagent grade benzene was used as the solvent in viscosity meas­
urements on fractions F, J, and L. Measurements on polyisobutylene were 
made in cyclohexane at 30° C„ In the case of fraction B, possible rate-
of-shear effects made use of benzene as a solvent undesirable, i.e., the 
measured value of the viscosity is a function of the rate of shear in 
the viscometer. However, the effect of the rate of shear on the in­
trinsic viscosity becomes important only when the intrinsic viscosity 
is greater than about four (79). In methylethyl ketone the intrinsic 
viscosity of fraction B was about 1„6. The intrinsic viscosities of the 
other polystyrene fractions in methylethyl ketone were too low to be 
measured accurately. 
Viscosity Measurements. The viscometer was suspended in the 
thermostat, which was maintained at 25° C. (except for the polyiso­
butylene measurements). The solution to be measured was introduced into 
it through a coarse sintered glass filter, using very gentle suction 
where necessary. 
The arm of the viscometer marked C in Figure 16 was capped, and 
gentle pressure was applied to the arm marked A by means of a rubber 
bulb, forcing the solution through the measuring capillary into the 
bulb V. Enough solution was forced up to fill V and partially fill the 
small bulb above V. The pressure was then released, and the cap and 
rubber bulb were removed quickly from their respective arms. 
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The stop watch was started when the meniscus passed the upper 
fiducial mark and stopped when it passed the lower one. The time 
was recorded and the process repeated several times. The average of 
several determinations was used to calculate the viscosity of the solu­
tion. 
The specific viscosity was determined for each solution, and in­
trinsic viscosities were calculated or determined graphically as de­
scribed above. Graphical determinations of intrinsic viscosities of the 
polystyrene fractions and the polyisobutylene sample are shown in 
Figures 18, 19, and 20. 
Viscosity-average molecular weights were calculated from Equation 
46 using the values of K 5 and a given in Table 7. A comparison of 
molecular weights measured by different methods is given in Table 8. 
No explanation has been found for the large discrepancy between 
the viscosity-average molecular weights of fractions F, J, and L, meas­
ured in benzene, and the other values for the molecular weights of these 
fractions. The viscosity-average molecular weight of fraction B was 
measured in methylethyl ketone and is in good agreement with the 
values determined by light scattering and fractionation. The discre­
pancy is not serious since the only use made of viscosity-average 
molecular weights was in the determination of the molecular weight dis­
tribution of fraction B. These measurements were made in methylethyl 
ketone and are presumably reliable. 
The "sharpness" of the fractions as indicated by the values of 
M /M in Table 8 is quite variable and reflects the variations in pro-w n n r 
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Figure 18. Determination of Intrinsic Viscosity of 
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Figure 20. Determination of Intrinsic Viscosity 
of Polyisobutylene 
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molecular weight polymers is notoriously difficult (48), which probably 
accounts for the broad distribution of fraction Bo Fraction F is quite 
sharp, as is to be expected of a fraction obtained in two stages of 
fractional precipitation. The broadness of the other two indicates 
a need for further development of the column fractionation techniques. 
Adsorbent Characterization 
The principal adsorbent characteristics of interest in this study 
were the specific surface area, the pore-size distribution, and the 
fraction of the total area contained within pores in each size range. 
These quantities are conveniently determined from the adsorption iso­
therm for nitrogen at the temperature of liquid nitrogen. 
Surface area may be determined using the theory of Brunauer, 
Emmett, and Teller (80). According to the BET theory, the isotherm for 
the adsorption of nitrogen at its normal boiling point onto a solid sur­
face can be written in linear form as 
p/V(ps - p) = (1/Vmc) + (p/ps)(C - l)/VmC (57) 
where p = pressure; 
p g = saturation pressure of nitrogen; 
V = volume adsorbed per gram of adsorbent corrected to standard 
temperature and pressure; 
V = volume required to form a monolayer, corrected to standard 
conditions; 
C = a constant. 
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Thus if p/V(p - p) is plotted as a function of p/p , a straight line s s 
should result. The sum of the slope and the intercept of this line 
gives the reciprocal of the volume of nitrogen at standard temperature 
and pressure necessary to cover the surface with one monolayer of ad­
sorbed molecules. By using an appropriate value for the area, a Q, of 
one nitrogen molecule, one obtains the surface area of the solid from 
the relation 
S = (pVm/RT)NAaQ (58) 
where S = surface area; 
p = pressure (one atmosphere); 
V m = volume (at STP) corresponding to one monolayer; 
R = gas constant; 
T = absolute temperature (273.16° Kelvin); 
= Avogadro's number. 
For determination of pore-size distribution, it is necessary to 
measure the entire isotherm, from zero pressure to saturation or as near 
saturation as practicable. For porous adsorbents some hysteresis is 
observed when adsorption and desorption isotherms are measured. Ac­
cordingly, the desorption isotherm is used because it is considered to 
approximate thermodynamic equilibrium more closely (81). The isotherm 
is plotted as volume of gas adsorbed (corrected to STP) versus the rela­
tive pressure, p/p0. 
s 
The procedure for determining the pore-size distribution from 
nitrogen adsorption was developed by Barrett, Joyner, and Halenda (82) 
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and by Pierce (83). The underlying theory is based on the lowering of 
the vapor pressure of a liquid inside a capillary due to surface ten­
sion. The pore is assumed to be a cylinder, inside of which liquid 
condenses. If all adsorption consisted of capillary condensation, 
the meniscus of the liquid inside the pore would have a radius equal 
to the pore radius,, However, adsorption takes place on non-porous 
surfaces; and we must assume that there is an adsorbed film over the 
entire surface as well as liquid condensed in the pores. Hence, the 
radius of the meniscus, or "capillary radius," r^, is given by 
r = R - t (59) k c 
where R - pore radius; c 
t = thickness of adsorbed film. 
The maximum radius of a meniscus in equilibrium with the vapor 
at a given pressure is given by the Kelvin equation (82)i 
In p/ps - -2bV*/RTrk (60) 
where $ - surface tension of liquid nitrogen; 
V* = molal volume of liquid nitrogen; 
R = gas constant in ergs per degree; 
T = absolute temperature. 
Combining Equations 59 and 60 and solving for R^, we obtain 
R c = -(2aV*/RTln p/ P g) + t. (61) 
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It is assumed that the film thickness is the same at a given pressure 
inside filled capillaries as it is on the exposed surface. The value 
of t must be determined either by calculation from the BET theory or by 
measurement of an isotherm on a non-porous adsorbent. Figure 21 shows 
values of t and R as functions of p/p_ (81). Values of t are those c s 
determined by Shull (84) for adsorption of nitrogen on large crystals. 
R c is determined from Equation 61. 
In making calculations the abscissa of the desorption isotherm 
is divided into a number of increments of convenient size, in this case 
0.05. Each increment represents a reduction in pressure, and therefore 
the desorption of a volume V of nitrogen. This volume is made up of 
two parts: that which is evaporated from the menisci of filled pores, 
V , and that which is desorbed from the absorbed film, V • that is m f 
V = V + V . (62) m f 
The increment of surface area, S^, exposed by the evaporation of an in­
crement of gas from filled pores is given by 
S = 2AV */R (63) p p c 
where AV^* =* volume of pores emptied by evaporation from menisci. This 
volume is given by 
Av * = (1.558 x 10"3)V R 2/(R - t ) 2 (64) p m c c 
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The number S )^ is the surface area of the unfilled pores. 
Equations 63 through 65 have been derived on the assumption that 
consistent units are used. In practice the dimensions used are: 
square meters per gram for S p; cubic centimeters for all volumes; Ang­
stroms for R c and t. Volumes used for calculation are gas volumes at 
STP rather than liquid volumes. The following is a catalog of the 
above equations including the appropriate dimensional corrections: 
N 
0.064 At JT ( S ) i ; (66) f i^! P 
A V p = V c / ( R c " fc> • < 6 7> 
S = 31.2AV /R . (68) P P c 
The procedure for the computation is as follows: The total volume of 
gas adsorbed, R c, and t at a series of values of p/pg are recorded. 
The change, V, in the volume adsorbed for each increment is determined 
by difference, as is the change in film thickness. Then V^ is calculated 
from Equation 66, V^ from Equation 62, AV^ from Equation 67, and S^ from 
where the factor 1.558 x 10 is the ratio of the volume of liquid nitro­
gen to that of nitrogen gas at STP. 
After n desorption increments, the value of may be calculated 
from 
n 
V f = At Y, ^V1' ( 6 5 ) 
i=l 
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Equation 68. The total area, /_,̂ pJ is calculated and used in Equation 
66 for the next increment. The calculations are continued until /,S 
U P 
is equal to the total area as determined by the BET method. The value 
of ) Av at this point should be equal to the total volume of nitrogen 
P 
adsorbed, providing a check on the reliability of the calculation. 
Apparatus 
The apparatus used in this work is shown schematically in Figure 
22. Vacuum was provided by a mechanical pump and an oil diffusion pump. 
The manometer was attached to a mercury reservoir, so that mercury could 
be added or removed at will. With the edge of the mercury meniscus at 
the fiducial mark at the bottom of the high-pressure side of the manom­
eter, the volume of the apparatus, excluding the sample tube, was known 
from careful calibration. This volume could be adjusted in 50-milliliter 
increments by changing the level of mercury in the gas burette. 
The sample tube was attached to the apparatus by means of a 
ground glass joint, lubricated with vacuum grease. Either nitrogen 
or helium could be admitted to the system through a three-way stopcock. 
An oxygen vapor-pressure thermometer was used to measure the temperature 
of the liquid nitrogen. 
Procedure 
The first step in determining an isotherm was to measure the 
volume of the "dead space" or unoccupied volume of the sample tube. 
After the sample tube, containing a weighed sample of dry solid, had been 
attached to the apparatus and outgassed overnight at 200° C. under high 
vacuum, the sample tube was immersed in liquid nitrogen and closed off 
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admitted to the manometer until the level of mercury was about 15 
centimeters above the fiducial mark. The manifold was isolated from 
the vacuum pumps by stopcock B, and helium was admitted to it carefully 
until the mercury level on the high-pressure side of the manometer had 
fallen back just to the fiducial mark. The difference in height of the 
mercury columns on the two sides of the manometer was measured with a 
cathetometer and recorded as p-̂ . 
The sample tube was then opened. The level of mercury on the high-
pressure side of the manometer rose with the change in pressure, and was 
again adjusted to coincide with the fiducial mark by drawing some mer­
cury out of the manometer into the reservoir by means of the aspirator. 
This adjustment had to be repeated several times as the gas in the sam­
ple tube came to thermal equilibrium with the liquid nitrogen. After 
the pressure had remained constant for several minutes, it was measured 
and recorded as p2» 
The volume, V , of the dead space in the sample tube is given s 
by 
V s - ( P l - P 2)V TT s/p 2T b (69) 
where m volume of apparatus excluding sample tube; 
T g * absolute temperature of liquid nitrogen; 
T^ « ambient air temperature. 
When V s had been determined, the system was again evacuated and 
the sample heated to 200° C, in order to drive off all of the helium be­
fore beginning nitrogen adsorption experiments. 
Nitrogen adsorption measurements were made in much the same manner 
8 8 
as the helium pressure measurements. With the sample tube immersed 
in liquid nitrogen and shut off from the manifold, the mercury level 
in the manometer was raised and purified nitrogen admitted to the mani­
fold until the level on the high-pressure side of the manometer coin­
cided with the fiducial mark. The difference in height between the 
two columns was determined with the cathetometer and recorded as p^. 
The sample tube was opened and the mercury level in the manometer re­
adjusted to coincide with the fiducial mark. When equilibrium had 
been established, the difference in height was again measured and re­
corded as p2» The sample tube was again closed off, more nitrogen was 
admitted, and the process was repeated. At each step the value of p^ 
for the previous step was recorded as p Q. 
When p0/p was less than 0.3, the amount of nitrogen admitted z. s 
at each step was adjusted so as to give a change in P2 of about 40 
millimeters. At higher values of p 2, nitrogen was admitted in larger 
increments, so as to reach saturation in a reasonable number of steps. 
When the saturation pressure of nitrogen at the temperature of the 
liquid nitrogen used had been attained, desorption was begun. 
In making the desorption measurements, the sample tube was closed 
off, and the manifold was opened carefully to the vacuum system, drawing 
a small portion of the nitrogen in the manifold out. The mercury level 
was adjusted and p^ measured. Some mercury was let into the manometer, 
and the sample tube was opened, increasing the pressure in the manifold. 
The mercury level was readjusted, and, when equilibrium had been es­
tablished, p^ was measured and recorded. The process was repeated until 
p2 had been reduced to less than one-tenth of the saturation pressure. 
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N I T R O G E N D O E S N O T B E H A V E I D E A L L Y N E A R I T S S A T U R A T I O N T E M P E R A T U R E , 
A N D A C O R R E C T I O N T O T H E I D E A L G A S L A W M U S T B E A P P L I E D . T H E E Q U A T I O N 
F O R T H E V O L U M E A D S O R B E D P E R G R A M A T E A C H S T E P I S (81) 
V a/w * (273,16/760w) - V 2 ) l \ 
W H E R E V„ A 
8 8 V O L U M E O F N I T R O G E N A D S O R B E D ; 
W IT W E I G H T O F A D S O R B E N T ; 
V T 
= V O L U M E O F V A C U U M S Y S T E M ; 
T b = 
A M B I E N T A I R T E M P E R A T U R E ; 
V 
S 
ss V O L U M E O F D E A D S P A C E ; 
T 
S 
- T E M P E R A T U R E O F L I Q U I D N I T R O G E N ; 
A C O N S T A N T , A S S U M E D T O B E 6.6 X 10"5. 
T H E S U R F A C E A R E A S O F B O T H T H E A L U M I N U M A N D A L U M I N U M O X I D E A D S O R ­
B E N T S W E R E D E T E R M I N E D B Y T H E B E T M E T H O D . T H E B E T P L O T S A R E S H O W N I N 
F I G U R E S 23 A N D 24. T H E S U R F A C E A R E A M E A S U R E D F O R A L U M I N U M W A S 1.14 
S Q U A R E M E T E R S P E R G R A M ; T H A T F O R A L U M I N U M O X I D E W A S 310 S Q U A R E M E T E R S 
P E R G R A M . T H E A D S O R P T I O N A N D D E S O R P T I O N I S O T H E R M S F O R A L U M I N U M O X I D E 
A R E S H O W N I N F I G U R E 25. F I G U R E 26 S H O W S T H E A R E A W I T H I N P O R E S O F 
R A D I U S G R E A T E R T H A N R A S A F U N C T I O N O F R . 
C C 
T H E A L U M I N U M P O W D E R H A D A S U R F A C E A R E A T O O S M A L L T O P E R M I T R E ­
P R O D U C I B L E M E A S U R E M E N T O F T H E I S O T H E R M ; H O W E V E R T H E I S O T H E R M S M E A S U R E D 
W E R E F L A T O V E R A R A N G E O F R E L A T I V E P R E S S U R E F R O M A B O U T 0.04 T O 0.09, 
S U G G E S T I N G L I T T L E P O R O S I T Y . T H I S E V I D E N C E , T O G E T H E R W I T H T H E A P P E A R A N C E 
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Figure 23. BET plot - Aluminum Powder 
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Aluminum Oxide 
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of the powder under the microscope and the results of the particle-
size measurements (see below) led to the conclusion that the powder 
was essentially non-porous. 
Particle-Size Measurements 
It was assumed in the present work that the aluminum powder 
provided a non-porous surface. The adsorption isotherm seemed to 
support this assumption but was not regarded as conclusive because 
of the difficulty in obtaining reproducible curves. Under the micro­
scope the particles in the aluminum powder appeared to be of irregular 
shape, somewhat elongated; and the surface seemed smooth and shiny. 
It was decided that further evidence concerning the nature of the sur­
face might be obtained indirectly by determining the particle-size 
distribution and calculating a specific surface area from that. 
If one assumes all particles to be spherical, it is easy to cal­
culate a specific surface area from a distribution of particle diameters. 
The specific surface area of a collection of particles of uniform size 
is giv \ 
- 7 T D 2 / ( P 7 I D 3 / 6 ) (71) 
area; 
.olid. 
is of various sizes, S is given by 
N(D)n D3/6 
OO °° 
- 6^ N(D)D2/pI n N(D)D3 (72) D»0 D-0 
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where N(D) - number of particles having diameter D. 
Let Fn(D) be a distribution function defined as the fraction of 
particles having a diameter less than or equal to D. Then, assuming 
a continuous rather than a discrete distribution, N(D) is given by 
N(D) = NdFn/dD (73) 
where N - total number of particles present. 
The summations in Equation 72 can now be replaced by integrals, and we 
have 
To °°o 1 o l Q S = 6fD z(dF /dD)dD/D f D3(dF /dD)dD = 6 f D dF_/0C D3dF . (74) 
O N O N O N O N 
The data are usually obtained as a weight distribution rather than as a 
number distribution, so we must define a weight distribution function, 
F (D), as the weight fraction of particles having a diameter less than w 
or equal to D. Now F (D) is related to F (D) by the equation 
F (D«) = (1/W)) TiD3N(D)p/6 * (nP/6W) f D3N(D)dD (75) 
^ 0 = 0 P 0 
where W = total weight of the sample. 
In differential form, Equation 75 becomes 
dF w = U p/6W)D 3N(D)dD = U pN/6W)dF n (76) 
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or 
dF n = (6W/iipN)(l/DJ)dFi w (77) 




Since f dF^ is unity, we have the final result 
1 
S = (6/pH U/D)dF . (79) 
Equation 79 is readily evaluated by graphical integration if the experi­
mental distribution function F (D) is available. 
w 
The distribution of particle sizes in the aluminum powder was 
measured by Mr. John H. Burson of the Georgia Institute of Technology 
Engineering Experiment Station, using a Coulter Counter. The principles 
and method of operation of this instrument are summarized by Corbett, 
Burson, and Young (85). The instrument measures directly the volume of 
the particle. The volume is then converted into an equivalent spherical 
diameter. When this diameter is used in Equation 79 to determine the 
specific surface of a non-spherical sample, the result is necessarily 
low. Table 9 shows the formulae for the equivalent spherical diameters 
of some non-spherical shapes and the ratios between calculated and true 
specific surfaces for these shapes. Figure 27 shows the measured integral 
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distribution function. Figure 28 shows 1/D as a function of F . The 
w 
area under the curve in Figure 28 was measured with a polar planimeter 
and substituted for the integral in Equation 29. The value of p was 
taken as 2.70 (86). 
The area calculated from the particle-size distribution was 0.56 
square meters per gram, and the ratio between this and the BET area was 
0.49, comparable in magnitude with the ratios calculated for the square-
prism shapes shown in Table 9. Because of the apparent irregularity 
of the particles, this value seems to support the hypothesis that the 
surface is non-porous. 
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Measurements of the adsorption of polystyrene from cyclohexane 
onto aluminum and aluminum oxide made up the bulk of the adsorption 
measurements in this study. Both kinetic and equilibrium or quasi-
equilibrium measurements were made. In addition, brief studies were 
made of the adsorption of polyisobutylene onto aluminum from benzene, 
another theta system, and the adsorption of ethylbenzene from cyclo­
hexane onto aluminum oxide as a monomeric analog of the polystyrene 
system. 
Analysis of the polymer solutions presented a problem since it 
was desired to study the behavior at very low concentrations. Since 
most of the adsorption studies involved the adsorption of polystyrene, 
the ultra-violet absorption spectrum of this polymer provided a con­
venient analytical method, which could also be applied to ethylbenzene. 
No such convenient spectrophotometric method was available for analysis 
of polyisobutylene solutions, however, and a less precise gravimetric 
method was used in these analyses. 
Spectrophotometric Analysis 
Polystyrene absorbs ultraviolet radiation quite strongly in the 
neighborhood of 2600 Angstroms. The ultraviolet spectrum of polystyrene, 
measured with a Gary Model 14 spectrophotometer, is shown in Figure 29. 
Three very prominent peaks occur at 2595, 2615, and 2690 Angstroms, and 
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all three were used in determining solution concentrations. 
A series of solutions of polystyrene in spectro-quality cyclo­
hexane were prepared, ranging in concentration from 20 to 100 milligrams 
of polystyrene per 100 grams of solution. The absorbance of these 
solutions was measured at each of the three wavelengths, and the ab­
sorbance was plotted as a function of concentration, giving a straight 
line passing through the origin in each case. The slopes of these lines 
were determined by the method of least squares. Thereafter, the concen­
tration of an unknown solution could be determined by dividing the ab­
sorbance at a given wavelength by the slope, £, of the corresponding 
calibration curve. Typical calibration curves are shown in Figure 30. 
A calibration curve was run every time a set of adsorption meas­
urements was made. Variations of about plus or minus three percent in 
the values of e were observed from one run to the next, presumably be­
cause of fluctuations in the performance of the spectrophotometer. 
Variations of the order of plus or minus one percent were observed between 
fractions. These showed no t r e n d w i t h m o l e c u l a r we ight and appeared to 
be entirely random. 
Analysis of ethylbenzene solutions was accomplished using the 
same procedure. Ethylbenzene absorbed somewhat more strongly than did 
polystyrene, and it was necessary to use a weak band at 2485 Angstroms. 
The ultraviolet spectrum of ethylbenzene is shown in Figure 31. 
Adsorption Measurements on Polystyrene 
The adsorption experiments consisted of shaking a quantity V of 
a polymer solution of initial concentration c with w grams of adsorbent. 
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Figure 29. Ultraviolet Spectrum of Polystyrene 
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Figure 30. Typical Spectrophotometer Calibration Curves 
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Figure 31. Ultraviolet Spectrum of Ethylbenzene 
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The final concentration c was measured, and the specific adsorption A 
was calculated from, the equation 
A = (cQ - c)V/w. (80) 
In making the "equilibrium" measurements, all solutions were made up by 
weight, rather than by volume, because it was necessary to keep them 
somewhat above room temperature in order to avoid precipitation of the 
fractions of high molecular weight. It was thought that under these cir­
cumstances volumetric procedures would be less accurate than purely 
gravimetric ones. Hence V in these measurements has the dimensions of 
mass rather than volume, and concentrations are expressed in milligrams 
per 100 grams. 
The solutions were prepared by weighing enough polystyrene into a glass-stoppered erlenmeyer flask to make the desired quantity of solu­
tion. The concentration was usually approximately 100 milligrams per 
100 grams. The flask was tared on a large analytical balance, and the 
proper amount of polystyrene was put into it. The flask and its con­
tents were dried overnight at 80° C. under vacuum, cooled, and weighed 
again to determine the exact quantity of dry polystyrene present. About 
25 milliliters of solvent were added, and the flask was put into an air 
bath at about 50° C. until all polymer appeared to have dissolved. 
Then, with the flask sitting on a rough balance, solvent was added un­
til the total weight of the solution reached the desired value. The 
final weight of the solution was determined to within + 0.02 grams. 
Shortly before the solution was placed in the ampules with the adsorbent, 
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a small piece of sodium wire was added to it to remove traces of mois­
ture . 
Adsorption was carried out in 20-milliliter glass ampules. These 
were numbered and dried for several hours in an oven at 120° C. They 
were tared on an analytical balance, and some adsorbent was added to 
each. Then the ampules were heated under vacuum at about 140° C. for 
24 hours. 
At the end of this time, the ampules were placed in a dessicator 
charged with Drierite and allowed to cool. They were then weighed on 
the analytical balance and returned to the dessicator. 
Ten-milliliter aliquots of the polymer solution were drawn into 
a warm hypodermic syringe and introduced into the ampules. Aluminum 
foil caps were placed over the tops of the ampules to retard evaporation 
and prevent entrance of moisture. The ampules were weighed again im­
mediately. The caps were removed for only the few seconds necessary to 
weigh the ampules on the automatic analytical balance. Evaporation 
from the ampules was negligible during the time they were open. 
After weighing, the ampules were partially immersed in a bath of 
acetone and dry ice to freeze the solution. The tips of the ampules 
were then sealed using a gas-oxygen flame. 
The sealed ampules were placed in a test-tube rack which had been 
fitted with a wire retainer to hold them in place. The rack was placed 
on a shaker in a water bath with the ampules in a horizontal position. 
The ampules were shaken gently for the time allotted for adsorption. 
When the adsorption runs were completed, the shaker was stopped 
and the ampules set in an upright position, still immersed in the constant 
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temperature bath, to allow the solid to settle. The ampules were then 
removed from the bath, quickly broken open, and each solution was care­
fully decanted into a screw-cap vial, which was immediately closed 
tightly. When all samples had been taken, the spectra of the solutions 
were measured. 
At the same time as the adsorption tubes were prepared, a set of 
solutions was prepared for calibration of the spectrophotometer. These 
were made by dilution of the stock solution and were kept in sealed 
glass ampules. 
The polymer concentration of each solution was calculated from the 
absorbance at each of the three wavelengths used, and the average of the 
three taken as the true concentration. The specific adsorption was 
calculated from Equation 80. 
Adsorption Kinetics 
The kinetics of adsorption of polystyrene were studied using the 
technique described above as well as a slight modification. Nearly 
identical quantities of adsorbent and solution were used in each vial, 
and samples were taken and analyzed at intervals. Thus A or c could 
be plotted as a function of time. 
In the modified technique, the vials used were made of 22-
millimeter Pyrex tubing. Each vial was made of a 12-centimeter length 
of tubing which was sealed at one end. A thin glass bulb with a dia­
meter slightly smaller than the inside diameter of the tube held a 
weighed quantity of dry adsorbent sealed inside. This was placed in­
side the tube, and a narrow neck was drawn at the open end. The tube 
and bulb were weighed, ten milliliters of polymer solution were put 
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inside with a hypodermic syringe, and the tube and its contents were 
weighed again. After weighing, the. tube was immersed in a dry-ice-
acetone bath, and its neck was sealed. 
When all tubes had been sealed, they were put into the thermostat 
and allowed to come to thermal equilibrium. Then each tube was removed, 
shaken violently to break the bulb containing the adsorbent, and replaced 
in the thermostat. The tubes were agitated gently, and were broken and 
their solutions analyzed at regular intervals. 
Several efforts were made to obtain kinetic data in this way. 
The experimental difficulties involved were considerable, and the results 
were fragmentary and generally unsatisfactory. One set of curves was 
obtained for adsorption on aluminum oxide, and these are shown in Figure 
32. 
The other method, which did not involve the use of an inner bulb 
to hold the adsorbent, was much less difficult and gave better results. 
It was subject to criticism, however, on the grounds that the solution and adsorbent were in contact for a considerable period during which 
the temperature was different from that of the thermostat; and the effect 
of suddenly freezing and then melting the solution is unknown. 
The procedure was essentially that described in the preceding 
section. A volumetric technique was used. The solution was introduced 
into the ampules with a ten-milliliter volumetric pipette, and the am­
pules were not weighed after the introduction of the solution. They 
were frozen immediately in an effort to minimize adsorption prior to 
equilibration with the thermostat. Fractions F and L were used in 
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Figure 32. Rate Curves for Adsorption of Polystyrene on Aluminum Oxide 
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so no problems with precipitation were encountered during filling. 
After sealing, the ampules were kept in a dry-ice-acetone 
mixture, so that their contents remained frozen until they were put 
into the thermostat, they were allowed to remain there for a few 
minutes until they had come to equilibrium with it; then the first 
vials were taken for analysis. The solutions were decanted into 
screw-cap vials, which were sealed and kept in the freezing com­
partment of a refrigerator until all samples were ready for analysis. 
Thereafter, samples were taken at intervals over a period of 11 days. 
When all samples had been taken, the vials of frozen solution were 
placed in a warm air bath and brought quickly to a temperature of 
35° C. before being analyzed spectrophotometrically. 
Results are shown in Figures 33 and 34. 
Determination of Isotherms 
The isotherms for the adsorption of all four fractions of poly­
styrene on aluminum and aluminum oxide were determined over a concen­
tration range from zero to about 100 milligrams per 100 grams of solu­
tion. The variation in concentration was obtained by using varying 
amounts of adsorbent. The initial concentration of each solution in 
a given run was the same. Appropriate amounts of adsorbent to be used 
were determined by trial and error. 
Initially the solutions were left in contact with the adsorbents 
for six days. Later, however, some runs were made for 25 days when it 
was discovered that equilibrium was definitely not established in the 
shorter period. Isotherms were obtained at 34.8° C. (the theta tempera­
ture) and at 50° C. 
Figure 33. Rate Curves for Adsorption of Polystyrene on 
Aluminum Oxide and Aluminum 
3 O Fraction F 
Q Fraction L 
Time (hours) 
Figure 34. Rate Curves for Adsorption of Polystyrene on Aluminum Oxide -
First-Order Plot 
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The specific adsorption was plotted as a function of concentra­
tion- Results are shown in Figures 35 through 40. 
Desorption Studies 
A brief study of the desorption of polystyrene from aluminum was 
carried out using cyclohexane and benzene as solvents. Polystyrene 
(fraction F) was adsorbed onto three grams of aluminum for six days at 
34.8° C , in each of four vials. Two of the vials were opened and 
analyzed, after which the temperature was increased to 50° C. After six 
days at this temperature, the other two were opened and analyzed. Within 
experimental error no desorption was observed to take place after the 
increase in temperature. 
In another experiment, five grams of aluminum were shaken with 
25 milliliters of polystyrene solution for six days at 34.8° C. The 
solution was then removed by filtration and analyzed. The aluminum 
on the filter was washed once with cold cyclohexane to remove any 
polymer solution adhering to the surface. It was then removed from 
the filter and put into a weighed vial. After the solid had been 
dried under vacuum at room temperature for several hours, it was weighed, 
ten milliliters of benzene were added to it, and it was capped tightly. 
Then it was allowed to remain in an air bath at 50° C. with occasional 
shaking for four days. After this time the benzene was removed by 
filtration, poured into a weighing pan that had been tared on a micro-
balance, and the solvent was evaporated. The residue was dried for 
24 hours under vacuum at 80° C„ and the weight of the residue deter­
mined. The benzene removed about 94 percent of the adsorbed poly­
styrene. Results are summarized in Table 10. 
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Figure 36. Adsorption of Polystyrene Fractions 
on Aluminum at 34.8° C. after 25 Days 
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Figure 37. Adsorption of Polystyrene Fractions 
on Aluminum at 50° C after 25 Days 
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Figure 38. Adsorption of Polystyrene Fractions by Aluminum 
Oxide at 34.8° C. after 25 Days-
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FIGURE 4 0 . ADSORPTION OF POLYSTYRENE FRACTIONS ON ALUMINUM 
OXIDE AT 5 0 ° C. AFTER 2 5 DAYS 
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Table 10. Desorption of Polystyrene by Benzene 
Adsorption Data 
Weight of Aluminum 







40.1 mg./lOO ml. 
0.8 mg,/100 ml. 
39.3 mg./lOO ml. 
1.96 mg./g. 
Desorption Data 









Adsorption of Polyisobutylene 
An effort was made to determine the adsorption isotherm of poly­
isobutylene from benzene onto aluminum powder at 25° C. No convenient 
spectrophotometric method of analysis was available, so a gravimetric 
technique was used instead. 
The solution was made up by weighing 60 milligrams of polyisobu­
tylene into a tared 100-milliliter volumetric flask. The polymer was 
dissolved in a small quantity of reagent grade benzene, after which 
the flask was filled to the mark with benzene. A second solution was 
prepared by diluting a 25-milliliter aliquot of this solution to 50 
milliliters. Two sets of four ampules each were prepared, containing 
from one to three grams of aluminum powder. The original stock solu­
tion was put into one set of ampules; the dilute solution was put in 
the other. Ten milliliters of solution were introduced into each am­
pule by means of a volumetric pipette. 
Aluminum weighing pans were marked to correspond with the numbers 
on the ampules and were tared on a microbalance. Pans were also pre­
pared for the two stock solutions. A five-milliliter aliquot of each 
stock solution was put into a pan and the solvent allowed to evaporate. 
The ampules were sealed and shaken at 25° C. for four days. 
Before being opened, they were shaken vigorously to suspend the ad­
sorbent. Then they were opened quickly, and the entire contents of 
each ampule were poured into a steel centrifuge cup, which was capped 
immediately to retard evaporation. The solutions were centrifuged 
at high speed for about ten minutes, leaving them entirely free of 
suspended aluminum. Five-milljiliter aliquots were taken of all 
122 
solutions and placed in the appropriate weighing pans. The pipette used 
to take these aliquots had a rubber stopper attached to it so as to pre­
vent its going far enough into the centrifuge cup to pick up any ad­
sorbent. Great care was taken to avoid agitating the solution and so 
stirring up the aluminum while taking samples. 
The solvent was allowed to evaporate, after which all pans were 
dried for 24 hours under vacuum at 60° C. They were weighed on the 
analytical balance, and the change in concentration, if any, determined 
and A calculated from Equation 80. Results are tabulated in Table 11. 
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Ethylbenzene Adsorption 
The adsorption of ethtylbenzene was studied at 350° C. and 50° C. 
as a means of estimating the heat of adsorption per segment of poly­
styrene. In these studies a different technique was practicable since 
equilibration times were expected to be much shorter. Ten grams of 
aluminum oxide were weighed into a 100-milliliter volumetric flask. 
Fifty milliliters of spectroquality cyclohexane in equilibrium with 
the thermostat were added to the flask by means of a pipette, and ten 
milliliters of a dilute solution of ehtylbenzene in cyclohexane. A 
magnetic stirring bar was placed in the flask, and the. weight of the 
flask and its contents was determined to plus or minus 0.02 gram. The 
solution was stirred vigorously, then immersed in the bath and left 
for fifteen minutes. An ten milliliter aliquot of the solution was 
removed and placed in a screw-cap vial. The solution was replaced 
with ten milliliters of the stock ethtylbenzene solution, stirred again, 
and again immersed in the thermostat. This procedure was continued 
until twelve samples had been taken. The samples were analyzed 
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Table 11. Adsorption of Polyisobutylene from Benzene 
Vial Weight of Initial Final Specific 
Number Aluminum Concen­ Concen­ Adsorption 
(Grams) tration tration (g./g.) 
(g./lOO ml.) (g./lOO ml.) 
1 1.0153 0.0610 0.0672 
2 1.5269 0.0610 0.0628 
3 1.9964 0.0610 0.0626 
4 2.9979 0.0610 0.0628 
5 1.0089 0.0319 0.0450 
6 1.4986 0.0319 0.0311 0.00005 
7 1.8689 0.0319 0.0314 0.00003 
8 2.9948 0.0319 0.0317 0.00001 
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spectrophtometrically. 
If the concentration of the solution at the nth step is c , the 
r n 
concentration of the stock solution is C, the total volume is V, and 
the volume of the qliquot removed is v, the amount, A, of ethylben­
zene adsorbed per gram of adsorbent at a given step is 
A A - = [c n - 1(V - v) + Cv - cRV /w] (81) 
or 
A A = [v(c - c n - 1) - V(c n - c )]/w (82) 
where w is the weight of adsorbent. However, the amount of solution 
taken is greater than the amount put back because a pipette does not 
deliver all of the solution that it contains. Hence, a correction 
must be made to obtain a more accurate result. If b is the difference 
between the amount of solution removed and the amount added, we have 
A A = [ (V - v - o ) c + Cv - v c ] /w (83) 
or 
A A = [v(C - V l ) + ( V ^ - 5 > c n_ 1 " % c n ] / w ' ( 8 4 ) 
But 
V = V - (n - 1)5 n o (85) 
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where V q = original volume, and 
V N = V N . X - 5. (86) 
Equation 84 may be written 
AA = [v(C - c ^ ) - V n ( c n - c n - 1)]/w. (87) 
The quantity o and hence V n, can be determined, neglecting evaporation 
losses, by weighing the flask before and after sampling, and dividing 
the difference by the product of the number of samples taken and the 
density of the liquid at the temperature of the thermostat. 
The specific adsorption, A, is obtained by taking the sum of 
values of AA for all steps. Figure 41 shows A as a function of c for 
the two temperatures. 
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Figure 41. Adsorption Isotherms for Ethylbenzene on A190 
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CHARTER IV 
DISCUSSION OF RESULTS 
Experimental Error 
It is difficult in a study of this kind to make a quantitative 
estimate of the experimental error because there are many sources of 
error whose effect cannot be reliable gauged. In the following dis­
cussion, errors in measurement and analytical technique will be dis­
cussed as quantitatively as possible; errors arising from causes un­
related to the measurements themselves, such as temperature fluctua­
tions, moisture, evaporation, etc. will be mentioned and an effort 
made to indicate the direction and approximate magnitude of their 
effect. 
Analysis of Solutions 
Table 12 shows a typical set of spectrophotometer calibration 
data. The concentration of polystyrene and the absorbance at each of 
three wavelengths are given. From these data values of s were calcu­
lated by the method of least squares and used to calculate the concen­
tration from the absorbance at each wavelength. The average of these 
three calculations was taken as the calculated value of concentration 
in the analyses. The standard deviation, O, assuming the experimental 
concentration to be correct, expressed as a magnitude and a percentage, 
is given for each concentration in Table 13. Data for the lowest 
concentration for fraction F have been discarded because one absorbance 
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Table 12. Spectrophotometer Calibration Data 
Concen- Absor- Concen- Absor- Concen- Absor- Concen­
tration* bance tration* bance tration* bance trat ion' 
(Prep.) (2595) (Calc.) (2615) (Calc.) (2690) (Calc.) 
- - - - - - - - - - - - - - - Fraction F - - - - - - - - - - - - - -
87.6 1.360 88.2 1.404 87.5 1.074 87.0 
66.2 1.030 66.8 1.065 66.5 0.820 67.1 
43.1 0.667 43.2 0.688 42.9 0.554 (43.7) 
21.6 0.338 21.8 0.346 21.6 0,219 (17.9) 
e = 0.0154 e = 0.0160 e = 0.0122 
- - - - - - - - - - - - - - - Fraction L - - - - - -- -- -- -- -
84.3 1.325 84.2 1.351 84.3 1.038 83.2 
63.0 0.996 63.2 1.009 62.9 0.797 63.9 
41.6 0.660 41,8 0.678 42,2 0.528 42.3 
20.3 0.325 20,6 0.330 20.5 0.255 20.4 
e = 0,0158 e = 0.0161 e = 0,0125 
eAll concentrations in units of g„/100 g. 
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Table 13. Errors in Polystyrene Analysis Based on Calibration Data Concen- Average tration Concen-
(Prep.) tration of 100 /Cone. 
Fraction F 
87.7 87.6 0.5 0.6 
66.2 66.8 0.2 0.3 
43.1 43.3 0.3 0.7 
21.6 (20.5) (1.8) (8.8) 
_ _ _ _ _ _ _ _ _ _ Fraction L - - - - - - - -
83.9 83.9 0.5 0.6 
63.0 • 63.4 0.4 0.6 
41.6 42.1 0.2 0.5 
20.3 20.5 0.1 0.5 
Average Standard Deviation 0.3 0.5 
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is obviously grossly in error. (In practice, such readings were dis­
carded and the concentration determined from the other two.) The 
average standard deviation is about 0.5 percent, and seems to be in­
dependent of concentration. 
Table 14 shows actual analytical data obtained using the values 
of e determined above. Since there are no experimental concentrations 
with which to compare the calculated concentrations, the standard de­
viations are determined based on the average calculated concentration 
of each sample. Table 15 shows the results. The values of G are no­
ticeably larger in this case than in the previous one, possibly due 
to low-level contamination of the solutions by materials in the ad­
sorbents, though no such contamination was observed independently. 
The solutions having zero concentration appeared to be spectroscopically 
pure. 
The conclusion drawn from this analysis is that the analytical 
technique is reliable within one to two percent with errors greater 
than one percent being relatively uncommon. 
The error in the analysis of polyisobutylene solutions cannot be 
determined as precisely, but is almost certainly greater than that for 
polystyrene. Analyses of two polyisobutylene solutions of known con­
centration were made at the same time as the adsorption measurements. 
Errors in these were 0.3 and 4.2 percent respectively. Analysis of 
some polystyrene solutions of comparable concentration made by the 
same technique had errors ranging from zero to two percent, though in 
the latter case there is reason to believe the error was in preparation 
rather than analysis. 
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Table 14. Typical Data from Spectrophotometric Analysis 
Sam­ Concen­ Absor- Concen­ Absor- Concen­
ple bance tration bance tration sance tration 
(2595) (2615) (2690) 
- - Fraction F - - - - • 
1 1.399 90.1 1.435 89.5 1.112 91.1 
2 1.217 78.4 1.247 77.8 0.966 79.1 
3 1.085 69.9 1.111 69.3 0.859 70.3 
4 0.932 60.0 0.961 59.9 0.740 60.6 
5 0.379 24.4 0.387 23.5 0.300 24.5 
6 1.506 97.0 1.547 96.5 1.188 97.2 
7 1.266 81.5 1.298 81.0 1.000 81.8 
8 1.067 68.7 1.090 68.0 0.842 68.9 
9 0.816 52.6 0.839 52.3 0.549 53.1 
10 0.497 32.0 0.511 31.8 0.393 32.1 
- - Fraction L - - - - • 
1 1.169 74.3 1.208 76.7 0.929 74.6 
2 0.923 58.6 0.949 60.3 0.729 58.5 
3 0.610 38.7 0.621 39.4 0.483 38.7 
4 0.293 18.6 0.301 19.1 0.233 18.7 
5 0 0 0 0 0 0 
6 1.469 95.0 1.499 95.2 1.158 93.0 
7 1.330 84.5 1.357 86.2 1.061 85.3 
8 1.201 76.3 1.222 77.7 0.946 76.0 
9 1.026 65.2 1.038 65.9 0.803 64.5 
10 0.546 34.6 0.559 35.4 0.431 34.6 
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Table 15. Deviations in Spectrophotometric Analysis 
Sample f E R A 8 E 
Concen­tration . ^ 100 /Cone, 
Fraction F 
1 90.2 0.7 0.8 
2 78.4 0.5 0.6 
3 69.8 0.4 0.6 
4 60.2 0.3 0.5 
5 24.1 0.4 0.7 
6 96.9 0.3 0.3 
7 81.4 0.3 0.4 
8 68,5 0.4 0.6 
9 52.7 0.3 0.6 
10 32.0 0.1 0.3 
Fraction L 
1 75.2 1.1 1.5 
2 59.1 0.8 1.4 
3 38.9 0.3 0.8 
4 18.8 0.2 1.1 
5 0 
6 94.1 1.0 1.1 
7 85.3 0.6 0.7 
8 76.7 0.6 0.8 
9 65.2 0.6 0.9 
10 34.9 0.4 1.1 
Average Standard Deviation 0.5 0.8 
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Unfortunately the analyses of these polyisobutylene solutions 
could not be carried out under conditions identical to those of the 
adsorption studies. Because the solutions used in the adsorption 
studies. Because the solutions used in the adsorption studies had 
to be handled rather extensively after the vials were opened, loss 
of solvent by evaporation was possible. In addition, contamination 
of the samples by adsorbent was possible, despite the fact that 
efforts were made to avoid it. Some early experiments on polystyrene 
solutions using a similar technique showed that such contamination, 
even in very small amounts, can usually be detected by careful in­
spection of the dried residue. None was observed in the polyisobu­
tylene residues, but the possibility cannot be ruled out. Either 
contamination or evaporation would give rise to high values for the 
concentration. The observed values were obviously high in most cases. 
However, the error necessary to account for the results if adsorption 
were as high as one milligram per gram is improbably great, of the 
order of 25 to 50 percent. The result that the adsorption of poly­
isobutylene is much less than that of polystyrene from a theta sol­
vent appears to be correct. 
Other Sources of Error 
Other sources of error in measurements of polystyrene adsorption 
include temperature fluctuation, variation in moisture content, evapora­
tion losses in handling, and errors in weighing and volume measurement. 
Temperature fluctuations in the thermostat were generally of the 
order of plus or minus 0.3 degree of less. Such fluctuations should 
not have caused large errors in view of the small thermal effect, and, 
1 3 4 
in any case, should have had the same effect on all samples. 
Frisch, Hellman, and Lundberg (15) reported less adsorption and 
greater scatter of data when solutions and adsorbents were very wet or 
very dry than when a trace of moisture was present. In some pre­
liminary work in this study, adsorption was much diminished when large 
amounts of water were present. In this work the solutions were dried 
with sodium wire, and the adsorbents were dried at 120° C. for 24 hours 
or more. However, moisture was not rigorously excluded during filling 
and handling of tubes prior to sealing. A small amount of moisture 
was almost certainly present, and the quantity may have varied slightly 
from tube to tube. The magnitude of the error so introduced cannot be 
estimated accurately, but it should have been small. 
On several occasions ampules containing polymer solution were 
allowed to stand open on a balance for as long as ten minutes. The 
change in weight in each case was less than 0.2 milligram. This indi­
cates that evaporation losses prior to sealing were negligible. Losses 
during sampling may have been greater, especially when ampules were 
opened at 50° C. The error so introduced would have increased the 
apparent concentration and decreased the value of A. The magnitude 
of the error is unknown. 
Errors in weighing and volume measurement are believed to have 
been generally negligible. One possible exception to this is in the 
weighing of aluminum oxide. This adsorbent underwent a weight loss 
of up to 15 percent on drying. In the event of insufficient or un­
even drying, substantial errors might have been introduced by residual 
moisture. However, in view of the procedure used fox drying, the 
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chance of important errors from this source is considered small. 
Errors in Polymer Characterization 
It is more difficult to evaluate the error in the polymer cha­
racterization experiments. There are numerous sources of error in 
both osmotic pressure and light scattering measurements. Partial per­
meability of the membrane to solute molecules is a source of error in 
osmometry. The magnitude of the error depends upon the nature of the 
membrane itself, the time necessary for equilibration, and the amount 
of low molecular weight material in the sample. Since any membrane is 
more permeable to small molecules than to large ones, the low molecular 
weight molecules are lost, and the osmotic molecular weight tends to 
be too high. 
Dust and stray light are sources of error in light scattering 
measurements, as are even small uncertainties in wavelength, refractive 
index, and the rate of change of refractive index with concentration, 
all of which appear in Equation 29 to powers greater than one. Extra­
polations are not exactly linear in either light scattering or osmometry, 
and extrapolation errors may be appreciable. 
A comparison of values of the second virial coefficients and radii 
of gyration obtained from these measurements with each other and with 
independent results should give an idea of the reliability of the meas­
urements. Table 16 shows experimental values of Rg and B. RQ was cal­
culated from Equation 34. The value of B calculated from light scatter­
ing data was given by Equation 33 ; that from osmotic pressure data by 
Equation 24. For comparison, values of B determined for polystyrene in 
toluene by osmometry by Danusso and Moraglio (87) are shown. Since 
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Table 16. Radii of Gyration and Second Virial 
Coefficients of Polystyrene Fractions 
RG RG 
Frac- M w L. s. Calc. B x 10 4 B x 10 4 M x 10~5 B x 10* 
tion x io" 5 (A.) (A.) L. S. Osm. (87) (87) 
B 18.2 998 888 0.43 8.50 2.95 
F 3.70 469 399 1.21 0.96 3.36 3.40 
J 1.77 369 277 2.27 2.84 1.63 4.35 
L 0.67 190 170 3.12 3.22 0.76 5.00 
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toluene is a better solvent than benzene for polystyrene (88), the higher 
values of B in toluene should be expected. 
Experimental values of for polystyrene in a good solvent over 
a wide range of molecular weights could not be found in the literature. 
Accordingly, an estimated value was calculated at each molecular weight. 
If R^^ is the radius of gyration of a polymer molecule in an ideal 
solvent, the radius of gyration of the same molecule in a good solvent 
is given by 
IG ==aG o (88) 
where c< - an expansion factor (89) .  
The expansion factor is related to the intrinsic viscosity by the 
equation 
c<3 = [t,]M^/2/a,p3 M 1/ 2 (89) 
Molecular weight of a monomer unit; 
a constant; 
effective bond length; 
molecular weight of the polymer molecule, 
be replaced by its equivalent in Equation 48 giving 
o(3 = K fM< a " 0.5) M o3/2 / O p3 ( 9 0 ) 
The value of B is 5.02 A., and 0 has a value in good solvents of about 




But [fl] 'can 
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2.0 x 10 2 1 (89). M is 105. K 1 and a are 0.95 x 10" 4 and 0.74 re-
o 
spectively (71). Substituting these values in Equation 90, we obtain 
oc3 = 0.407 M 0 ' 2 4 (91) 
or 
= 0.741 M 0 - 0 8 (92) 
Thus °( is readily estimated. R^o can be estimated by the equation 
K = (L 2 / M ) 3 + 2 (93) 
2 
where = mean square distance between chain ends for the unperturbed 
random coil; K = a constant whose value for polystyrene is 8.3 x 10" 4 
at 25° C. (90). 
R G q is readily obtained from a knowledge of L q since 
L 2 = 6R 2 (94) o Go 
Combining Equations 88, 92, 93, and 94, we obtain the radius of gyration 
of polystyrene in benzene at 25° C : 
= 0.225 M 0- 5 8. (95) 
This estimate indicates the range in which R may reasonably be expected 
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to fall. Agreement with experiment is satisfactory. 
The distribution function determined for fraction B cannot be 
regarded as more than a crude indication of the actual distribution be­
cause too few fractions were taken for an accurate determination (57). 
Thus, the remarkable agreement between the weight-average molecular 
weight calculated from the measured distribution and that determined 
from light scattering is probably fortuitous. 
Adsorption on Aluminum 
Results of the kinetic studies of the adsorption of polystyrene 
on aluminum (see Figure 33) show very rapid attainment of saturation of 
the aluminum surface. Apparently a slow increase in adsorption does 
occur since adsorption after 25 days was greater than after six, but the 
increase in adsorption is clearly less pronounced than in the case of 
adsorption on aluminum oxide (see next section). 
The isotherm for the adsorption of polystyrene onto aluminum pow­
der are qualitatively similar to those of other polymers studied in pre­
vious investigations when adsorbed on metal and glass powders (14, 16). 
The adsorption isotherms for three of the four fractions are nearly hori-
zontal straight lines over the entire concentration range studied, with 
no apparent decrease in amount of polymer adsorbed per gram of adsorbent, 
even at the lowest concentration. The amount adsorbed increases with 
molecular weight and decreases with temperature. This behavior is pre­
dicted by both the Simha-Frisch-Eirich (32, 34, 35) and Silberberg (42, 
43) theories. 
Perhaps the simplest method of treating the data is to assume that 
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the molecules are adsorbed as somewhat distorted random coils and cal­
culate a molecular radius based on the area, S m, occupied by a single 
molecule. The value of S is given by 
m 
S = SM/6.023A (96) m 
2 
where S = specific surface area of the adsorbent (m. /g.); 
M =molecular weight of the adsorbate; 
A = specific adsorption (mg./g.). 
The dimensions of S in Equation 96 as written are square Angstroms per 
m 
molecule. 
An equivalent molecular radius, R £, is readily computed from the 
equation 
Re = < S m / 7 ° 1 / 2 - ( 9 7 ) 
A comparison between R and R should indicate the degree of molecular 
e k 
distortion or interpenetration in the adsorbed film. 
The mean square radius of gyration in cyclohexane at 34° C. may 
be estimated from the empirical equation (91) . 
L 2/M = 0.49 x 10" 1 6 (98) o 
where L is expressed in centimeters. Another empirical equation, propoj 
by Notley and Debye (92) is 
L = k'Ma 
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where k° and a are parameters. Table 17 shows values of k' and a at 
three different temperatures. is readily calculated from L via 
Equation 94. 
Equation 98 is applicable only to ideal solutions (91). Ac­
cordingly, it is necessary to make use of Equation 99 for estimating 
the radius of gyration at 50° C. However, the parameters in Equation 
99 were calculated using fractions whose molecular weights were greater 
than 600,000 (92), so that their application to fractions of relatively 
low molecular weight involves a considerable extrapolation. Table 18 
shows calculated values of R G at 34° C. based on Equation 98 and at 
34°, 43°, and 57° C. based on Equation 99 for the fractions used in 
this work. Values of R^ at 50° C. are estimated from those calculated 
at other temperatures., At 34° C. agreement between the two calculations 
is satisfactory. The decrease in R from 43° to 57° in the case of 
G 
fractions J and L indicates that these fractions are beyond the range 
in which Equation 99 is valid. However, since no other method for es­
timating R G at 50° was avilable, the. mean of the calculated values of R^ 
for each fraction was taken as an approximation to the value of R at 
G 
50°. 
Table 19 shows values of S , R , and R /R̂  calculated from the 
m' e' e G 
experimental data. The correct value of A to be used in calculating S 
m 
is the saturation or plateau value. However, the experimental isotherms 
have a small, finite slope throughout the concentration range studied, 
so that no plateau was observed. Therefore, the isotherms were extra­
polated to zero concentration and, the value, A^, of the specific ad­
sorption at zero concentration was used in the calculations. This 
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Table 17. Notley-Debye Parameters for Polystyrene in Cyclohexane 
Table 18. Radii of Gyration of Polystyrene in Cyclohexane 
Frac- 34° 34° 43° 57° 50° 
tion Eq. 98 Eq. 99 Eq. 99 Eq. 99 Est. 
B 387 A. 379 A. 426 A. 451 A. 440 A. 
F 174 171 191 193 192 
J 113 118 132 130 131 
L 74 73 81 77 79 
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Table 19. Apparent Dimensions of Adsorbed Polymer Molecules 
Frac-
t ion 






R e/R r 
34° 6 ° 50° 
B 12.8 15.8 202 225 0.516 0.511 
F 2.92 3.71 96.4 107 0.564 0.560 
J 1.63 1.97 72.1 79.2 0.611 0.605 
L 0.72 0.93 47.9 54.5 0.666 0.682 
Table 20. p as a Function of a. 
Frac­
tion 34° 
= 50 A.^ 
50° 34° 































procedure can be justified on the grounds that virtual saturation seems 
to be attained at concentrations too low to measure spectrophotometrically. 
Thus, the extrapolation to infinite dilution amounts to studying adsorp­
tion at saturation with concentration effects eliminated. This point 
will be discussed further below. 
The fact the R /R is considerably less than unity in all cases e G 
indicates either that the molecules at the surface are laterally com­
pressed or they interpenetrate one another to a considerable extent. 
The interpenetration or distortion seems to increase with molecular 
weight. However, since the assumption that a polymer molecule is ad­
sorbed as a slightly distorted random coil is probably a gross over­
simplification , too much emphasis must not be placed on this model; 
and further analysis of this sort appears unwarranted. 
A possibly more fruitful approach is based on the Silberberg 
theory (43). Silberberg defines a quantity, r> as the number of seg­
ments adsorbed per surface site. If A q is the amount of polymer ad-
srobed in milligrams per gram of adsorbent, then 
r = 6.023a A /M S (100) o o o m 
where a = area of an adsorption site (Anstroms ); o 
M = molecular weight of a polymer segment; o 
S = specific surface area of the adsorbent (m.2/g.). m 
In order to evaluate r, it is necessary to know a Q. One may estimate 
the area of a segment of a polystyrene segment at 50 A. 2 assuming it to 
be slightly less than the sum of the areas (obtained from vapor adsorption 
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studies) of benzene (32.3 A. z) and ethane (22.5 A. ) (93). It is not 
necessarily true, however, that this is a reasonable value for a Q 
since the segment may be sterically hindered from lying flat on the 
surface. If the plane of the benzene ring is inclined with respect 
to the surface, a^ will probably be less than this simple estimate. 
Silberberg (43) SUGGESTS that values of 20 or even ten square Angstroms 
may be appropriate for a Q. Table 20 shows the calculated values of R 
based on these three values for a . 
o 
Clearly the results are compatible with either a two-dimensional 
or a three-dimensional model, depending on the choice of the value of 
a Q. Unfortunately, the values of R that ARE obtained from THIS CALCU­
LATION ARE proportional to A Q which may be influenced BY other factors 
than the number of adsorption sites on the SURFACE. THUS a randomly 
coiled molecule might BE adsorbed at relatively few sites, yet make M A N Y 
other sites inaccessible to other molecules. This situation is INDIS­
tinguishable, by MEANS of THIS calculation, from that in which A MOLECULE 
is EXTENDED ON the surface AND ADSORBED AT M A N Y SITES, WITHOUT INTER­
fering significantly W I T H adsorption AT UNOCCUPIED SITES. In THE former 
CASE one should U S E VERY LARGE values for a Q, but THERE SEEMS to BE NO 
W A Y to PREDICT WHAT THESE VALUES should be ( 2 2 ) . THE plateau VALUES of 
A HAVE BEEN RELATED B Y other workers to THE MOLECULAR weight B Y THE 
empirical equation 
A = KM (101) w 
WHERE K and a are constants (13, 16). In this STUDY the intercepts, A , 
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were used in place of A in Equation 101. The plot of log A Q versus 
log M should give a straight line having slope a and intercept log K. 
Figure 42 shows the plot; values of K and a for 34.8° and 50° C. are 
shown in Table 21 along with representative values obtained by other 
workers for the adsorption of polymethyl methacrylate (PMMA) and poly-
dimethyl siloxane (PDS). 
The values of K and a are seen to fall within the range of pre­
vious results. The higher value of a at the higher temperature does 
not agree with the Silberberg theory (43) which predicts a diminished 
molecular weight dependence with improvement in solvent. However, the 
experimental error is such that any distinction between these two num­
bers may be illusory, and no conclusions should be drawn. 
The anomalous behavior of fraction B presents a problem in in­
terpretation, particularly in view of the very regular behavior of this 
fraction when adsorbed on aluminum oxide (cf. next section) and the 
close agreement between results for fraction B and those for other 
fractions based on values of A . More data were obtained using this 
o 
fraction than any other. In all cases, the isotherm for adsorption 
on aluminum had a relatively steep rise with increasing concentration 
and an intercept around three milligrams adsorbed per gram of aluminum. 
Also, in all cases the scatter in the measured points was substantially 
greater than that observed with the other fractions. A further comment 
concerning this problem will be made in connection with the adsorption 
of polystyrene on aluminum oxide. 
The desorption studies support Silberberg"s assertion that desorp­
tion does not take place in the presence of a poor solvent but can be 
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0.6 
Figure 42. Relation Between Specific Adsorption on 
Aluminum at Zero Concentration and 
Molecular Weight 
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Table 21. Parameters K and a in Equation 101 
System K a Ref. 
Pst, Cyclohexane, Al, 34.7° C. 0. .39 0, .13 
PSt, Cyclohexane, Al, 50° C. 0. .20 0. .16 
PDS, Benzene, Glass, 30.4° C. 0, .97 0. .40 13 
PDS, n-Heptane, Glass, 30.4° C. 2. ,94 0. .35 13 
PDS, Benzene, Fe, 30.4° C. 0. .34 0. .43 13 
PDS, n-Heptane, Fe, 30.4° C. 4. .9 0, .23 13 
PMMA, Benzene, Fe 0. .35 0, .04 16 
PMMA, Benzene, Glass 2. ,00 0. .00 16 
PMMA, 1,2-Dichloroethane, Fe 0. .14 0, .08 16 
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i 
accomplished using a good solvent (43). Any desorption that may take 
place with increasing temperature is evidently very slow since none 
was observed within four days. 
The results of the very cursory investigation of adsorption of 
polyisobutylene from benzene, a theta system thermodynamically similar 
to the polystyrene-cyclohexane system, indicate a strong relationship 
between adsorption and the relative interaction energy of solute and 
solvent with the surface. Qualitatively one would expect a stronger 
interaction between an aromatic molecule and an ionic surface than be­
tween an aliphatic molecule and the same surface because of the existence 
of charge-transfer forces in the former case. This is borne out in the 
results of Kipling and Peakall (94), who observed selective adsorption 
of benzene by alumina from solutions of benzene and cyclohexane at all 
solution compositions from nearly pure benzene to nearly pure cyclohexane. 
The apparent non-adsorption of polyisobutylene from benzene seems to in­
dicate preferential adsorption of the solvent. Although the experimental 
error in this experiment was greater than that in the polystyrene ex­
periments, the adsorption of polyisobutylene appears to be at least an 
order of magnitude less than that of polystyrene. The results suggest 
that the solute-surface interactions are of greater importance than the 
thermodynamic properties of the solutions in determining adsorption be­
havior of polymers. 
Adsorption on Aluminum Oxide 
Kinetic Effects 
The kinetic studies of adsorption on aluminum oxide differ from 
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those on aluminum in that adsorption continues at a measurable rate for 
much longer periods of time. Apparently two stages are involved: an 
initial fast stage followed by a slower stage that appears to be first 
order with respect to the bulk concentration of polymer (see Figure 34). 
A possible mechanism involves initial saturation of the "superficial" 
surface, that is, the surface inside pores whose radii are much greater 
than molecular dimensions. Since the superficial surface is readily ac­
cessible to the polymer, this is a fast process, comparable to adsorption 
on aluminum; and saturation of the superficial surface is quickly reached. 
Adsorption on the "interior" surface, the surface inside pores 
having radii only slightly greater than molecular dimensions, is con­
trolled by diffusion of solute into these pores. The rate of diffusion 
should be approximately first order with respect to polymer concentration 
if the cross-sectional area of the pores into which diffusion takes place 
is assumed constant. 
According to Figure 34, the rates of adsorption of fractions F 
and L are approximately equal in the first stage, but the rate of ad­
sorption of fraction L is greater in the second. This result is to be 
expected since the smaller molecules should have a higher rate of dif­
fusion than the larger ones. Other adsorption kinetics measurements 
(summarized in Figure 32) also indicate more rapid adsorption of low 
molecular weight fractions. 
Adsorption Isotherms 
The most striking result of the experiments in which aluminum 
oxide was used as the adsorbent is the highly preferential adsorption 
of the low molecular weight fractions (see Figures 38-40). This 
151 
result, in contrast with those obtained with aluminum, agrees with the 
results of the early workers in the field (4-7). In form, the isotherms 
are quite similar to that obtained by Kangle and Pacsu (17) for ad­
sorption of polyvinyl acetate on porous charcoal. 
The difference between the results with aluminum and those with 
aluminum oxide is ascribed to the porosity of the latter. A rather crude 
calculation will show how the pore structure affects adsorption. Assume 
that the area occupied by a given quantity of adsorbed polymer is the 
same on aluminum oxide as on aluminum at the same temperature. Using 
the value of A q obtained by extrapolating the isotherm to zero concen­
tration, it is then possible to calculate the area of the adsorbed film 
of a given fraction on the aluminum oxide surface by the equation 
S(film) = S(Al)Ao(Al203)/Ao(Al) (102) 
where S(film) = area of adsorbed film per gram of aluminum oxide; 
S(A1) = specific surface area of the aluminum; 
A Q = specific adsorption at zero concentration of the indi­
cated adsorbent. 
The area of the adsorbed film so calculated may then be assumed 
to be the area of the aluminum oxide surface that is accessible to 
polymer molecules of the given fraction. Access to the remainder of the 
area of the adsorbent is denied by the inability of the polymer molecules 
to pass through the small pores. Figure 26 is a plot of the area in 
pores of radius greater than R c versus Rc« From this graph the limiting 
pore size is readily estimated. Table 22 shows the values of the 
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Table 22. Results of Adsorption Measurements 
Specific Adsorption at Zero Concentra-
Frac­




34° 50° 34° 50° 
B 18. 2 1.22 2.70 2.18 3.33 2.36 
F 3. 70 1.05 2.40 1.89 7.44 5.90 
J 1. 77 1.22 2.05 1.70 10.23 9.00 









Rcm/ RG Q 50° 
B 1.36m.2 1.23m.2 240 A. 260 A. 0.61 0.59 
F 3.53 3.12 177 188 1.03 0.99 
J 5.79 5.29 102 112 0.86 0.86 
L 7.54 8.15 94 92 1.28 1.15 
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limiting pore radius R _ and the ratios R /Rn so obtained. ° cm cm VJT 
There is no reason a priori to expect that the ratio R^/R^ should 
be exactly unity, though one would not expect it to be greatly different 
from unity if pore size is the only limiting factor in accessibility of 
the interior surface. One might expect the ratio to be the same for all 
fractions or to show a consistent trend in molecular weight. Either con­
dition might be applied to the results in Table 22 except for the re­
markable agreement in every case between the values of R^/R^ measured 
at the two different temperatures with the same fraction. 
In view of the considerable experimental error in the measurements 
and the approximations involved in the calculations, this agreement may 
be fortuitous, even though it occurs in four cases. There is, however, 
another possible explanation for the observed results. The fractions 
used are not perfectly sharp, and so contain a great many molecules 
having molecular weights, and hence radii of gyration, considerably 
smaller than the average. More of the interior surface is accessible 
to these molecules than is accessible to those of average size, so their 
presence would tend to increase the value of A and thus decrease R 
o cm 
The value of R /R is smallest for the broad fraction, B, almost exactly cm G 
unity for the sharp fraction, F, and less than unity for the broad 
fraction, J. The high value for fraction L remains unexplained, but 
another process may be operative in this case. 
Since diffusion into pores has been postulated as a slow process 
that controls the rate of adsorption, and since diffusion presumably be­
comes slower as pores become deeper and smaller, the high value of R c m/RQ 
for fraction L may be explained by failure of the molecules to penetrate 
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the pores as deeply as possible, either because the smaller pores were 
obstructed by adsorbed molecules or simply because even 25 days was in­
sufficient time to allow for maximum penetration. 
The steep slopes of the aluminum oxide isotherms may be explained 
by diffusion of polymer molecules in and out of pores. A molecule may 
be trapped inside a pore even though not adsorbed. This may take place 
by any of several mechanisms: plugging of the pore by adsorption of 
another molecule, entanglement with pendent loops from adsorbed mole­
cules, low probability of diffusing out of a pore after entering because 
of reduced mobility in a confined space, etc. Thus, even after the sur­
face is saturated, more polymer may be trapped and apparently adsorbed 
within the pore structure. This may be put in semi-quantitative terms 
by considering rates of diffusion in and out of pores. 
Let ŝ  be the rate at which polymer molecules diffuse into the 
pores. Then ŝ  can be represented by 
S l = ^ c (103) 
where c = bulk concentration of polymer in solution; 
k̂  - a proportionality constant. 
By "into the pores" we mean into the region referred to above as 
the "interior surface." The rate of diffusion out of the pores, ŝ ,, is 
given by 
s 2 = k2c' (104) 
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where c 1 = concentration of unadsorbed polymer inside the pores; 
= a proportionality constant. 
The constant k 2 is an average for pores of all shapes and, in a 
given sample of adsorbent, depends on the size distribution as well as 
on the sizes themselves. It should also depend somewhat on the amount 
of polymer inside the pores, since obviously the presence of a large 
quantity of polymer in the pores changes the effective size and shape 
of the pores. However, so long as the concentration of polymer inside 
the pores does not become too large, should be approximately inde­
pendent of it. 
After establishment of a steady state, ŝ  and s^ are equal and 
we have 
We have assumed that a polymer molecule is less likely to diffuse out 
of a pore than in, so that k̂  /k2 is greater than unity. Now the appa­
rent adsorption, A, is given by 
where A^ = specific adsorption at zero concentration; 
V P = volume of pores accessible to polymer molecules. Hence we 
have 
k c = k C 1 ; c 1 = (k1/k2)c. (105) 
A = A Q + (c* - c ) V p (106) 
A = A Q + ( k l / k 2 - D v c. (107) 
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Qualitatively, Equation 107 predicts an increase in the slope of the 
isotherm with decreasing molecular weight, in general agreement with 
experimental results. 
This same analysis might explain the steep slope of the isotherm 
for fraction B adsorbed on aluminum. The aluminum powder tended to form 
a cake inside the adsorption tubes that was not readily broken up, even 
by vigorous shaking. It is possible that the interstitial spaces with­
in this cake were of the same order of magnitude as the dimensions of 
the large molecules, so that the cake acted as a porous adsorbent. The 
scatter in the data would arise from dissimilarities in the stability, 
compactness, and porosity of the cake from one tube to the next. 
Adsorption of Ethylbenzene 
The measurements of the adsorption of ethylbenzene on aluminum 
oxide were made in order to obtain an estimate of the heat of adsorption 
per segment of polystyrene. An adsorbed film may be treated as a 
separate phase, and the limiting slope of the isotherm at very low con­
centration of adsorbate as an equilibrium constant for the distribution 
of solute between the bulk phase and the adsorbed phase. The heat of 
adsorption may then be determined from the van°t Hoff equation, 
din K/dT = AH/RT2 (108) 
where K equilibrium constant; 
T absolute temperature; 
AH heat of adsorption; 
R gas constant (94). 
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The limiting slopes of the isotherms at 34° and 50° C. are deter­
mined from Figure 41. Equation 108 may then be written in the inte­
grated form 
AH = R(ln K 2 - lnK 1)/(l/T 1 - l/T^. (109) 
The calculation is shown in Table 23. The resulting value of-AH, about 
4220 calories per mole, is equal to about 3.3 RT, almost sufficient to 
cause collapse of the adsorbed molecules and bring about two-dimensional 
adsorption, even according to the Simha-Frisch-Eirich theory (37). 
However, it should be pointed out that the adsorption of ethylbenzene 
may be very different from that of polystyrene. The small molecules are 
adsorbed independently of one another and are able to assume low-energy 
orientations with respect to the surface. Polystyrene segments, being 
connected to other segments, are not free to assume an arbitrary orienta­
tion on the surface, and may be adsorbed in configurations of signifi­
cantly higher energy, thus reducing the effective heat of adsorption 
per segment. Thus, the heat of adsorption of ethylbenzene must be re­
garded as only a crude estimate of the heat of adsorption of polystyrene. 
Table 23. Heat of Adsorption of Ethylbenzene 
AH = 1.987(0.532 + 0.139)/(3.098 - 3.245) x 10 3 
= 1.987(0.671)/(-l.57) x 10^ 
= -4220 calories per mole 
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T(°K.) 1/T x 10 3 K In K 
307 3.245 1.687 0.523 




1. The adsorption behavior of polystyrene on aluminum powder 
is qualitatively similar to that observed previously for other poly­
mers on non-porous adsorbents. In most cases the isotherms are nearly-
horizontal straight lines down to the lowest concentrations that can 
be determined experimentally. Adsorption increases with increasing 
molecular weight and decreases with increasing temperature. Desorption 
is not observed within a period of days in the presence of a poor sol­
vent, even when the temperature is increased, but is readily effected 
through the use of a good solvent. 
2. Within experimental error, polyisobutylene is not adsorbed 
from benzene, a poor solvent, onto aluminum. This result is attributed 
to preferential adsorption of the solvent. Other investigators (14, 16, 
17) have observed that other things being equal, adsorption is greater 
from a poor solvent than from a good one. An exception to this rule was 
the case of polyvinyl acetate in acetonitrile, a relatively poor solvent 
(14). Preferential adsorption of the solvent, attributed to the high 
polarity of acetonitrile, altogether excluded adsorption of the polymer. 
In this case, non-adsorption of the polymer from a poor solvent must be 
attributed to the existence of pi bonds in the solvent, making possible 
charge transfer forces. Polystyrene, on the other hand, is strongly ad­
sorbed, probably through its aromatic side chains, in preference to 
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cyclohexane which has no pi bonds. 
3. The adsorption of polystyrene on the porous adsorbent alumina 
is limited by the ability of the polymer molecules to penetrate the pore 
structure. Such penetration appears to be limited, at least in a poor 
solvent, by the dimensions of the polymer molecule in solution. Fur­
ther work in this area is indicated, but if this result proves to be 
general, it should provide a method for determining molecular dimensions 
in sharp fractions. If porous adsorbents can be prepared with narrow 
pore-size distributions, it could also provide the basis of a simple 





Number-Average Molecular Weight (M ) : 15.0 x 10-3 
Weight-Average Molecular Weight (M^): 18.4 x 10 5 
Ratio M w/M n: 1.22 
Adsorbent: Aluminum Powder 
Initial Final 
Weight of Weight of concen­ Concen­ Specific 
Adsorbent Solution tration tration Adsorption 
Vial (grams) (grams) (mg./lOO (mg. /g.) 
Temperature: 34.8° C. Adsorption Time: 6 Days 
la 1.0308 7.5655 98.7 34.7 4.69 
2a 1.5097 7.5506 98.7 17.5 4.06 
3a 2.0074 7.5453 98.7 17.1 3.06 
4a 3.0254 7.7844 98.7 0 2.54 
5a 4.2320 7.5680 98.7 1.3 1.74 
A . 
Temperature:; 34.8° C. Adsorption Time: 25 Days 
V 
lb 0.4613 7.4502 111.1 62.6 7.83 
2b 0.9813 7.4657 111.1 39.3 5.46 
3b 1.4922 7.4555 111. 1 21.1 4.50 
4b 1.9913 7.4843 111.1 11.0 3.76 
5b 2.9760 7.4864 111.1 1.5 2.76 
A Q: 2.70 
Temperature: 50° C. Adsorption Time: 25 Days 
lc 0.4926 7.4906 110.2 81.6 4.35 
2c 1.0212 7.4779 110.2 59.3 3.73 
3c 1.5267 7.5126 110.2 44.8 3.22 
4c 2.0094 7.4929 110.2 28.3 3.05 




Number-Average Molecular Weight (M ): 15.0 x 10 5 
Weight-Average Molecular Weight (Mj): 18.4 x 10^ 
Ratio \Mnm- 1.22 
Adsorbent: Aluminum Oxide 
Initial Final 
Weight of Weight of Concen­ Concen­ Specific 
Adsorbent Solution tration tration Adsorptic 
Vial (grams) (grams) (mg./lOO g.) (mg. /g.) 
Temperature: 34.8° C. Adsorption Time: 6 Days 
Id 0.5228 7.5571 98.7 72.3 3.81 
2d 1.0152 7.5462 98.7 52.2 3.46 
3d 1.5528 7.5558 98.7 36.1 3.04 
4d 2.1247 7.5371 98.7 23.1 2.68 
5d 3.0992 7.5277 98.7 3.9 2.31 
A . 
Temperature'; 34.8° C. Adsorption Time: 25 Days 
A „ - -
O 
le 0.2399 7.4353 111.1 94.9 5.02 
2e 0.7144 7.4877 111.1 68.3 4.49 
3e 0.9390 7.5041 111.1 58.5 4.20 
4e 1.8933 7.4699 111.1 17.1 3.71 
A Q: 3.33 
Temperature: 50° C. Adsorption Time: 25 Days 
If 0.2468 7.4909 110.2 102.4 2.37 
2f 0.4665 7.5074 110.2 95.9 2.30 
3f 0.7032 7.4771 110.2 87.2 2.45 
4f 0.9441 7.5001 110.2 77.7 2.58 
5f 1.8818 7.4950 110.2 54.7 2.21 




Number-Average Molecular Weight (M ): 3.54 x 10^ 
Weight-Average Molecular Weight (M): 3.70 x 10^ 
Ratio M^/M : 1.05 W 
Adsorbent: Aluminum Powder 
Initial Final 
Weight of Weight of Concen­ Concen- Specific 
Adsorbent Solution tration tration Adsorption 
Vial (grams) (grams) (mg./lOO i g.) (mg./g.) 
Temperature: 34.8° C. Adsorption Time: 6 Days 
11a 1.0438 7.5490 100.9 65.3 2, .57 
12a 1.5191 7.5537 100.9 52.4 2. .41 
13a 2.0295 7.5362 100.9 37.4 2, ,36 
14a 3.0045 7.5620 100.9 13.5 2. .20 
15a 4.0150 7.5451 100.9 0.1 
A • 
2, .03 




lib 0.4898 7.5169 108.9 86.5 3, .44 
12b 1.0231 7.5024 108.9 70.0 2, .85 
13b 1.5017 7.4962 108.9 55.0 2, ,69 
14b 1.9847 7.5088 108.9 39.3 2. .63 
15b 2.9623 7.4957 108.9 12.6 2, .44 
A : o 2 .40 
Temperature: 50° C. Adsorption Time: 25 Days 
11c 0.4674 7.4929 110.3 96.6 2, .20 
12c 1.0443 7.5023 110.3 81.4 2, .08 
13c 1.5292 7.4910 110.3 68.7 2, .04 
14c 2.0179 7.5167 110.3 52.3 2, .16 
15c 3.0390 7.4956 110.3 32.0 1, ,93 
A Q: 1.89 
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ADSORPTION DATA 
Weight of Weight of 
Adsorbent Solution 
Vial (grams) (grams) 
Initial Final 
Concen- Concen- Specific 
tration tration Adsorption 
(mg./lOO g.) (mg./g.) 
Temperature: 34.8° C. Adsorption Time: 6 Days 
lid 0.5159 7.5620 100.9 47.7 7.96 
12d 1.0220 7.5572 100.9 15.3 6.33 
13d 1.5191 7.5584 100.9 1.7 4.94 
14d 2.0419 7.5824 100.9 0 3.74 
15d 3.0805 7.5815 100.9 0 
A • 
" 
Temperature: 34.8° C. Adsorption Time: 
V 
25 Days 
lie 0.1243 7.4749 108.9 91.3 10.58 
12e 0.2496 7.4940 108.9 75.6 10.00 
13e 0.3508 7.4975 108.9 64.8 9.43 
14e 0.4852 7.5005 108.9 50.2 9.07 






















A : 7.44 
o 











A Q: 5.90 
Fraction: F 
Number-Average Molecular Weight: 3.54 x 10^ 
Weight-Average Molecular Weight: 3.70 x 105 




Number-Average Molecular Weight (M ): 1.45 x 10^ 
Weight-Average Molecular Weight (M w): 1.77 x 105 
Ratio M /M : 1.22 
Adsorbent: Aluminum Powder 
Initial Final 
Weight of Weight of Concen­ Concen- Specific 
Adsorbent Solution tration tration Adsorption 
Vial (grams) (grams) (mg. ,/100 g.) (mg./g.) 
Temperature: 34 .8° C. Adsorption Time: 6 Days 
21a 1.0208 7 .5189 98.9 72.0 1, .96 
22a 1.5568 7 .5275 98.9 57.4 2, .04 
23a 2.0490 7 .5183 98.9 46.7 1, .92 
24a 3.9952 7 .5480 98.9 9.1 
A • 
1, .68 
Temperature r 34 .8° C. Adsorption Time: 
V 
25 Days 
21b 0.5096 7 .5049 111.8 91.8 2 .95 
22b 0.9922 7 .4951 111.8 76.7 2, .65 
23b 1.5194 7 .4959 111.8 60.7 2, .52 
24b 1.9419 7 .4925 111.8 51.5 2, .33 
25b 3.0472 7 .7455 111.8 25.6 2, .19 
V 2 .05 
Temperature: 50° C. Adsorpt ion T ime: 25 Days 
21c 0.5400 7 .4904 107.6 83.4 3, ,36 
22c 1.0096 7 .5089 107.6 80.1 2, .05 
23c 1.5826 7 .4789 107.6 70.2 1, .77 
24c 2.0003 7 .5182 107.6 60.7 1, .76 
25c 3.5146 7 .5110 107.6 27.7 1, .71 




Number-Average Molecular Weight (̂ n) : 1.45 x 10 
Weight-Average Molecular Weight (M^): 1.77 x 10 
Ratio M /M : 1.22 w n 















./100 g.) (mg./g.) 
Temperature: 34. ,8° C. Adsorption Time: 6 Days 
21d 0.4969 7, ,5167 98.9 31.1 10 .24 
22d 0.0109 7, ,5030 98.9 0 7 .33 
23d 1,5704 7. 5279 98.9 0 -• 24d 2.0609 7. ,7762 98.9 0 
25d 3.0115 7. ,5525 98.0 0 
A • 
Temperature: 34. ,8° C. Adsorption 
Ao-
Time: 25 Days 
21e 0.1213 7. ,4962 113 .8 90.7 13 .04 
22e 0.2437 7, ,5156 111.8 71.5 12 .43 
23e 0.3578 7. ,4984 111.8 54.2 12 .07 
24e 0.4673 7. ,4845 111.8 37.8 11 .85 
25e 0,7138 7. ,4885 111.8 10.4 10 .64 
A : o 10 .23 
Temperature: 50° C. Adsorption Time: 25 Days 
21f 0.1333 7. ,5445 107.6 85.3 12 .62 
22f 0.2478 7. ,4955 107.6 69.1 11 .80 
23f 0.3640 7. ,5158 107.6 54.6 10 .94 
24f 0.4788 7. ,4927 107.6 54.6 10 .63 
25 f 0,7516 7. 5064 107.6 12.1 9 .54 




Number-Average Molecular Weight (M n): 0.58 x 10^ 
Weight-Average Molecular Weight (M^: 0.67 x 10^ 
Ratio M w/M n: 1.15 
Adsorbent: Aluminum Powder 
Weight of Weight of 
Adsorbent Solution 
Vial (grams) (grams) 
Initial Final 
Concen- Concen- Specific 
tration tration Adsorption 
(mg./lOO g.) (mg./g.) 
















































































Temperature: 50° C. Adsorption Time: 25 Days 
31c 0.4875 7.4560 106.1 94.5 2.79 
32c 1.0810 7.4656 106.1 84.5 1.49 
33c 1.4778 7.4651 106.1 76.0 1.52 
34c 2.0027 7.4708 106.1 64.7 1.54 
35c 3.7075 7.4740 106.1 34.7 1.44 




Number-Average Molecular Weight (M n): 0.58 x 10^ 
Weight-Average Molecular Weight (M^): 0.67 x 10^ 
Ratio M w/M n: 1.15 
Adsorbent: Aluminum Oxide 
Initial Final 
Weight of Weight of Concen­ Concen­ Specific 
Adsorbent Solution tration tration Adsorption 
Vial (grams) (grams) (mg./lOO g.) (mg./g.) 
Temperature: 34.8° C. Adsorption Time: 6 : Days 
31d 0.5673 7.9200 99.8 15.0 11.84 
32d 1.0017 7.5176 99.8 0 7.48 
33d 1.5049 7.5394 99.8 0 
34d 2.0622 7.5216 99.8 0 --35d 3.0838 7.5551 99.8 0 
A • 




31e 0.1269 7.4689 112.7 86.3 15.21 
32e 0.3557 7.4920 112.7 49.0 13.42 
33e 0.4781 7.4864 112.7 28.9 13.12 
34e 0.7092 7.4989 112.7 3.4 11.56 
A : 11.69 o 
Temperature: 50° C. Adsorption Time: 25 Days 
31f 0.1248 7.4985 106.1 74.6 18.93 
32f 0.2156 7.4872 106.1 58.5 16.53 
33f 0.3455 7.4686 106.1 38.7 14.57 
34f 0.4843 7.4954 106.1 18.7 13.53 
35f 0.7036 7.4833 106.1 0 11.28 
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